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ABSTRACT 
Ceratocystis fimbriata is a large complex of fungal species that cause wilt-
type diseases on a variety of temperate and tropical plants. Within the Latin 
American clade of C. fimbriata, isolates from sweet potato (Ipomoea batatas), 
sycamore (Platanus spp.), and cacao (Theobroma cacao) form monophyletic 
lineages and are specialized to these three hosts. The sweet potato and sycamore 
lineages correspond to intersterility groups, and there are two intersterility groups 
within the cacao lineage, corresponding to a sublineage in western Ecuador and a 
second sublineage in Brazil, Colombia, and Costa Rica. The cacao lineage is 
described as a new species, C. cacaofunesta, and the sycamore lineage is raised 
from a form to a species, C. platani. Genetic analyses of progeny from crosses 
within and between C. fimbriata, C. cacaofunesta, and C. platani showed that these 
species likely have different numbers, sizes, or rearrangements of chromosomes. A 
population genetics study of C. platani using polymorphic microsatellite markers and 
nuclear and mitochondrial DNA fingerprints revealed that the population in the 
eastern USA is probably indigenous, and the pathogen was introduced to southern 
Europe and Modesto, California. A study of C. cacaofunesta using the same 
markers revealed that the populations of this pathogen in Ecuador and Rondônia (in 
the Upper Amazon of Brazil) are likely to be indigenous, while populations in Bahia 
Brazil, Colombia, and Costa Rica resulted from introductions of an Upper 
Amazonian population. 
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CHAPTER 1. GENERAL INTRODUCTION 
Ceratocystis fimbriata Ellis & Halsted is a fungal plant pathogen that causes 
serious diseases on a wide range of temperate and tropical plants. Economically 
important plants affected by this fungus include cacao, coffee, sycamore, poplar, 
hickory, almond, mango, eucalyptus, rubber tree, taro and sweet potato (on which it 
produces a black root rot) (CABI 2001). In woody hosts, the pathogen causes stem 
cankers, vascular stains, and wilt-type diseases. This pathogen is particularly 
important in Central and South America, the proposed center of origin of the Latin 
American clade of C. fimbriata (Harrington 2000). 
Within Ceratocystis fimbriata, groupings of isolates based on genetic 
sequences correlate to plant host groups, suggesting that this species is actually a 
collection of many lineages, which perhaps should be separated and defined as 
separate species. The definition of a species itself is debatable, though the species 
is the most basic unit of classification underlying all biology. Although many species 
concepts have been proposed, these models are often inappropriate for fungi, which 
have been underrepresented in studies of species and speciation despite their 
importance in other biological model systems. Effective species concepts and 
accurate systematic understandings of plant pathogenic fungi are essential for 
studying the epidemiology of plant diseases, understanding evolution and speciation 
of new pathogens, and developing effective methods for disease control. 
Additionally, human activities may complicate attempts to describe species of plant-
pathogenic fungi by increasing their rates of evolution, creating new niches by 
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introducing the pathogens to new areas and hosts, and exerting additional selection 
pressures (Ennos and McConnell 1995). Because of its economic importance and 
diversity, the group of organisms currently classified as C. fimbriata is an ideal 
model system with which to test and verify a species concept suitable for plant 
pathogenic fungi. 
C. fimbriata varies greatly in several genetic, physiological, and ecological 
characteristics (CABI 2001). Although variation of several characters in the C. 
fimbriata complex has been noted, no study has systematically examined a wide 
array of characters in a large, diverse group of isolates of this fungus. As part of a 
larger phylogenetic study addressing the genus Ceratocystis, the purpose of this 
study was to investigate the ecological, morphological, and genetic variation within 
the Latin American clade of C. fimbriata, using C. fimbriata as a model to help test a 
species concept for the fungi. Additionally, this study examined the genetics of 
populations of the fungus on sycamore and cacao, to determine introduced and 
indigenous populations. 
Dissertation Organization 
This dissertation is organized into seven chapters. The first chapter contains 
an overview of the biology, ecology, and systematics of Ceratocystis fimbriata. The 
second chapter is a paper that has been published in Phytopathology concerning 
host specialization and phylogenetics within the Latin American clade of C. fimbriata. 
The third chapter is a paper submitted to Mycologia concerning intersterility 
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groupings within C. fimbriata and descriptions of new species. The fourth chapter is 
a paper that will be submitted to Current Genetics concerning genetic analysis of 
progeny from crosses. The fifth chapter is a paper that has been submitted to 
Molecular Ecology concerning the population genetics of the sycamore form of C. 
fimbriata. The sixth chapter is a paper that will be submitted to Phytopathology 
about the population genetics of the cacao form of C. fimbriata. I was the primary 
researcher and author of all of these papers. The final chapter gives overall 
conclusions from the study and directions for further research. 
Literature Review 
This chapter is an overview of species concepts and the biology, ecology, 
and systematics of Ceratocystis fimbriata. 
A. Species Concepts and Fungi 
The species is the basic unit used to categorize and describe populations of 
living organisms. The definition of a species, though, has been widely debated and 
revised, resulting in several opposing ideas of what constitutes a species. Maydin 
(1997) reviews twenty-two different species concepts; only a few representative 
models will be described here. 
Species concepts may be divided into two main groups, mechanistic 
concepts and historical concepts (Luckow 1995). Mechanistic species concepts 
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define species as participants in the process of speciation. For example, according 
to the biological species concept, one mechanistic concept, species are 
interbreeding populations that are reproductively isolated from other such 
populations (Mayr 1963). The ecological species concept emphasizes the role of 
ecological niche in the evolutionary process, defining a species as a lineage that has 
evolved to fit a niche different from the niches filled by other lineages (Van Valen 
1976). The cohesion species concept, a third mechanistic model, defines species 
as populations of individuals with the potential to be cohesive through genetic or 
demographic exchange (Templeton 1989). These mechanistic models share an 
emphasis on the process, rather than results, of speciation, and while the results of 
speciation can be tested experimentally, processes are not testable (Luckow 1995). 
Historical species concepts, in contrast to mechanistic concepts, define 
species as the end point of, rather than participants in, the speciation process. For 
example, the genealogical species concept defines a species as the smallest 
exclusive monophyletic group, with species existing . . at the boundary between 
reticulate and divergent genealogy" (Baum and Shaw 1995). The species as taxa 
concept also defines species as monophyletic groups of organisms, but does not 
mandate that the species be defined as the smallest such group; species are 
arbitrary taxa like all other taxa (Nelson 1989). Finally, the phylogenetic species 
concept defines species as the smallest groups of populations or lineages 
distinguishable from other groups by "a unique combination of character states in 
comparable individuals" (Nixon and Wheeler 1990). These historical species 
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concepts emphasize the end point of evolution and are neutral about the processes 
driving evolution and speciation. 
Unfortunately, despite their importance in many other biological model 
systems, the fungi have been underutilized in developing species concepts, and 
many of these models are inappropriate for them. For example, the biological 
species concept is inappropriate for fungi that reproduce asexually. Harrington and 
Rizzo (1999) proposed a species concept for the fungi based on diagnostic 
phenotypic characters within monophyletic lineages of organisms. This model 
slightly refines the phylogenetic species concept of Nixon and Wheeler (1990) by 
defining a species as ".. .the smallest aggregation of populations with a common 
lineage that share unique, diagnosable phenotypic characters" (Harrington and 
Rizzo 1999). Such a model combines phenetics with genetics and is more useful for 
fungal plant pathogens than many other models. This study will utilize this species 
concept. 
B. Ceratocystis fimbriata Biology and Taxonomy 
Morphology and Physiology 
Ceratocystis fimbriata is a filamentous ascomycete. The vegetative hyphae 
that form the mycelium typically are hyaline to dark olive-green, septate, branched, 
and smooth-walled. This fungus can reproduce both sexually and asexually, and 
when grown on artificial media, it abundantly produces both asexual spores (conidia) 
and sexual spores (ascospores). 
Conidiophores develop from branches of the vegetative hyphae and are 
cylindrical, up to 160 |im long, 1-5 septate with a phialide at the top. The fungus 
produces three types of conidia. Cylindrical endoconidia are 11 to 16 microns long 
and 4 to 5 microns wide (all measurements from Hunt 1956). They are produced in 
great numbers, exuded through a cylindrical collarette on the phialide in long chains, 
and connected end to end (Nag Raj and Kendrick 1975). Under low magnification, 
these chains of conidia appear as white cottony fibers. Doliform, or barrel-shaped, 
sub-hyaline conidia formed by shorter, wider conidiophores have been observed in 
isolates collected from aspen, oak, plane, and Prunus, but not from coffee, cacao, or 
sweet potato (Webster and Butler 1967a). Specialized conidiophores produce thick-
walled, olive-brown, oval aleurioconidia from the outer wall of the conidiophore apex 
(Webster and Butler 1967a); these pigmented spores allow for long-term survival. 
Cylindrical conidia are by far the most abundant spore form produced by all isolates. 
All members of Ceratocystis produce cylindrical endoconidia and many produce 
aleurioconidia. Paulin and Harrington (2000) place these anamorphs in the genus 
Thielaviopsis. 
Sexual spores, or ascospores, are produced in groups of eight within asci that 
line the interior of the perithecium (ascocarp). Thiamin is required for perithecium 
production (Barnett and Lilly 1947). Each perithecium is dark brown to black and 
globose (130 to 200 |im in diameter), superficial or barely immersed in the substrate, 
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and has a long (up to 800 gm) slender neck with an ostiole at the end. The asci 
within the perithecia are evanescent, disintegrating as the ascospores are fully 
mature. Ascospores are hyaline and unicellular with a characteristic brim (galeate or 
hat-shaped), 4.5 to 8 (im long and 2.5 to 5.5 (xm wide. The wall of each ascospore 
has three layers: the inner layer forms the primary wall around the cytoplasm, while 
the outer two layers constitute a secondary wall with appendages that form the brim 
of the hat-shaped spore (Van Wyk et al. 1993). The ascospores develop in pairs, 
brim to brim, but they usually separate when the asci disintegrate (Stiers 1976). 
When they are mature, the ascospores are exuded by hydrostatic pressure (Sartoris 
1927) in a mucilagenous matrix through the perithecial neck and ostiole. They 
accumulate in a sticky, cream-colored mass on the end of the perithecial neck. 
Ascospores typically germinate within 24 hours on malt extract agar when one or 
several germ tubes emerge from the top of the spore or from the edge of the spore 
brim (Webster and Butler 1967a). Kojima (1993) divides the species into two host-
specialized groups based on requirement for Ca2+ for germination: sweet potato, 
coffee, and cacao strains do not require this ion, while prune, almond, oak, and taro 
strains do. 
The sticky matrix in which C. fimbriata ascospores are exuded generally is 
not water-soluble, but can be dispersed in oil and lactophenol (Bandoni 1975), 
though Whitney and Blauel (1972) report successfully using both water and 
lodgepole pine resin to disperse ascospores of this species. These sticky 
ascospores on erect perithecial necks are an adaptation to insect dispersal; the 
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spores easily adhere to the exoskeletons of fungal-feeding insects. Malloch and 
Blackwell (1993) note that the ascospores of Ceratocystis and related fungi have 
concave surfaces but the conidia of these fungi are convex; they suggest that this 
may allow for better adherence of the ascospores to insects and to each other, 
facilitating long-range transport. The chemical content of the ascospore matrix is 
unknown, and it is possible that the low germination rate of ascospores (Webster 
and Butler 1967b) may be due to a self-inhibitory compound in the matrix, as is 
common in several other fungi (Aggab and Cooke 1981 ; Stone et al. 1994). The 
matrix may also protect the spores from desiccation, ultraviolet radiation, or other 
environmental damage. 
When grown artificially on nutrient agar, the colony morphology of C. fimbriata 
may be highly variable. Based on distribution of perithecia, Webster and Butler 
(1967a) describe three distinct morphological groups that correlate with origin of the 
isolates: perithecia may occur evenly throughout the colony (coffee, sycamore, and 
oak isolates), in clumps or concentric rings (aspen and stone fruit isolates), or singly 
(cacao and sweet potato isolates). Variation in colony morphology, especially 
abundance of conidia, may also occur among isolates within host groups, but to a 
lesser extent than among groups (Olson 1949). 
Mating types 
Most ascomycetes are heterothallic, and sexual reproduction occurs when 
two compatible haploid cells of different mating types fuse to form a dikaryon, which 
becomes diploid and undergoes meiosis. Like most ascomycetes, C. fimbriata has 
two distinct mating types, MAT-1 and MAT-2, determined by two idiomorphs at the 
mating type locus (Harrington and McNew 1997). Even though there are two mating 
types, C. fimbriata is homothallic rather than heterothallic, and most field isolates 
can produce perithecia without crossing with other isolates. All isolates have the 
MAT-1 gene, and most also have the MAT-2 gene and are self-fertile (produce 
ascospores without outcrossing). Due to uni-directional mating type switching 
(Harrington and McNew 1997, Witthuhn et al. 2000), a MAT-2 isolate may delete the 
MAT-2 gene and express MAT-1, being self-sterile (obligately outcrossing). Both 
mating types are represented in the sexual progeny of self-fertile cultures (Witthuhn 
et al. 2000), but MAT-1 strains are less common in nature than MAT-2 strains, and 
they also grow more slowly and are less able to cause disease (Harrington and 
McNew 1995; Olson and Martin 1949). 
Since most C. fimbriata isolates are self-fertile, most reproduction likely 
occurs through selfing. Populations of fungi that reproduce in this way have less 
genetic diversity than obligately outcrossing species (Harrington et al. 1998) and 
may easily diverge genetically from other populations, facilitating rapid speciation. 
Observations on intersterility 
A limited number of studies have suggested the existence of intersterility 
barriers within C. fimbriata. Feazell and Martin (1950) paired a sweet potato isolate 
with a sycamore isolate and found that only three of 255 ascospores recovered were 
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viable. In a cross between a sweet potato isolate and a Mexican rubber tree isolate 
only two of 300 ascospores germinated (Olson and Martin 1949). Webster and 
Butler (1967a) crossed isolates from several different hosts and found that isolates 
from different hosts generally crossed poorly with each other, yielding few 
ascospores of poor viability. These studies were interpreted as showing that all C. 
fimbriata isolates belong to a single biological species. Intersterility among closely 
related Ceratocystis species has been more thoroughly studied in the C. 
coerulescens complex (Harrington and McNew 1998) and particularly between C. 
poionica and C. iaricicola (Harrington et al. 2002). 
Taxonomy 
Ceratocystis is in the phylum Ascomycota, order Microascales, and family 
Ceratocystidaceae (Alexopoulos et al. 1996). Ceratocystis sensu stricto is a fairly 
small genus but apparently contains several species complexes. C. fimbriata is one 
such complex, probably composed of several separate but related lineages that 
have evolved to colonize different hosts (Harrington 2000). Ceratocystis variospora, 
a pathogen of oaks (Davidson 1944), has been considered a synonym of C. 
fiimbriata, as well as Rostrella coffea, a coffee pathogen (Zimmerman 1900). 
Ceratocystis albofundus Wingfield, De Beer and Morris, occurring on Acacia in 
South Africa (Wingfield et al. 1996a) and C. pirilliformis Barnes & Wingfield on 
Eucalyptus in Australia (Barnes et al. 2003) are morphologically very similar to C. 
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fimbriata but have been recently described as separate species. Other species 
within this complex have yet to be described. 
C. Ceratocystis fimbriata Ecology 
Habit and Distribution 
C. fimbriata colonizes wounds and lives necrotrophically on a variety of 
herbaceous and woody plants, causing wilt diseases, stem cankers, root rots, and 
vascular discoloration. The pathogen may cause only a local infection or it may 
cause the death of the entire plant. C. fimbriata is an early colonizer of plant 
wounds but may be quickly overtaken by saprophytic fungi, especially some 
basidiomycetes (Grosclaude et al. 1990). Because it produces thick-walled 
aleurioconidia, the fungus may survive extended periods (over 105 days in the 
winter) in the soil (Accordi 1989) or for shorter periods in water (Grosclaude et al. 
1991 ; Vigouroux and Stojadinovic 1990). The importance of the soil-borne phase of 
C. fimbriata remains largely unexamined. 
The fungus lives in both tropical and temperate environments and has caused 
serious epidemics on cacao plantations in Latin America (Iton 1959), sycamore 
street trees in Italy (Panconesi 1981), and almond orchards in California (De Vay et 
al. 1968). The temperate strains of C. fimbriata (those attacking stone fruit trees, 
hickory, etc.) appear to have developed in North America. Latin America seems to 
be a site of diversification for the tropical strains of this fungus (Harrington 2000). 
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Host Range 
Several studies have examined the possible host-specificity of many C. 
fimbriata strains. Unfortunately, many of these studies examined only one fungal 
isolate from each plant host and failed to report the location from which the fungus 
was originally collected. Often inoculum levels, method of inoculation, age of 
inoculum, variety and age of host plant, and indications used to determine 
pathogenicity were not reported. Many studies describe isolates as "pathogenic" or 
"slightly pathogenic" without defining these terms. Several studies are only reported 
in abstract form. Moreover, the identity of some isolates (especially those from 
coconut or banana) as C. fimbriata may be erroneous. For these reasons, many of 
the host range studies to date are largely inconclusive. 
Results of the host-specificity studies that have been performed suggest that 
isolates vary both in the hosts that they are able to infect and the degree to which 
they cause disease in susceptible hosts. For example, isolates from cacao 
(Theobroma cacao), coffee (Coffea arabica), sweet potato (Ipomoea batatas), and 
coconut (Cocos nucifera) caused disease in cacao, coffee, and sweet potato, with 
cacao being the most susceptible and the coconut isolate most pathogenic (Barba 
and Hansen 1962). Cacao isolates from six regions of Venezuela were equally 
pathogenic to sunnhemp (Crotaiaria juncea) and potato and slightly less pathogenic 
to coffee, while isolates from sycamore (Platanus sp.) and coffee were slightly 
pathogenic to cacao (Malaguti 1956). Isolates from sycamore and cacao were not 
pathogenic to poplar (Populus sp.) (Przybyl 1988). Isolates from coffee, prune and 
almond (Prunus sp.), cacao, oak {Quercus sp.), and taro (Colocasia sp.) were not 
pathogenic to sweet potato roots (Kojima and Uritani 1976), but another study found 
that isolates from prune were (Hyodo et al. 1968). C. fimbriata isolated from sweet 
potato was not pathogenic to poplar (Hinds 1972a), and mango (Mangifera indica) 
isolates did not produce disease in ten different cultivars of cacao (Ribeiro and Coral 
1968). Another study found that nine different cacao hybrids were not affected by C. 
fimbriata isolated from sunnhemp, pigeonpea (Cajanus cajans), wattle (Acacia sp.), 
or mango (Coral et al. 1984). Isolates from wattle, sunhemp, mango, and fig (Ficus 
carica) failed to cause disease on sweet potato, cacao, and snapdragon tree 
(Gmeiina arborea), but they all were pathogenic to wattle, sunhemp, mango, fig, 
coffee, pigeon pea, tobacco (Nicotiana tabacum), castor bean (Ricinus communis), 
and rubber tree (Hevea brasiiiensis) (Ito and Filho 1988). When taro and sweet 
potato roots were inoculated with isolates from taro, sweet potato, coffee, prune, 
cacao, oak, and almond, only the sweet potato isolate was pathogenic to sweet 
potato and only the taro isolate was pathogenic to taro (Kojima 1993; Mizukami 
1951). Sweet potatoes were not affected by isolates from sycamore, sycamore 
trees were not diseased by sweet potato isolates, and neither plant was affected by 
isolates from almond, apricot, or oak (Crone 1963). Sunnhemp and coffee isolates 
were equally pathogenic on sunnhemp plants, while sweet potato isolates failed to 
caused disease, although the sunnhemp isolate was slightly pathogenic to sweet 
potato (Malaguti 1952). Sweet potato isolates failed to cause disease in coffee 
plants (Pontis 1951). Both sweet potato and almond isolates were pathogenic to 
almond plants, but only the sweet potato isolate affected sweet potato roots (DeVay 
et al. 1967). 
Susceptible host species differ in both the rate at which they become 
diseased and their degree of susceptibility. For example, cacao trees infected by C. 
fimbriata developed symptoms within seven days, while sweet potato and coffee 
plants in the same study, infected with the same isolate, expressed symptoms after 
twenty-one days (Giraldo 1957). Individuals within one plant species often vary 
considerably in their susceptibility to pathogenic strains of C. fimbriata (Przybyl 
1984a; Small 1967), which makes breeding for resistance possible (Greene and 
Lowe 1992; Dominguez and Velasquez 1972; Dominguez 1976). Environmental 
conditions such as temperature and humidity, as well as age of the plant and 
inoculum, also are known to substantially affect both pathogenicity of the fungus 
(Small 1967) and the induction of defenses in the host (Akazawa and Uritani 1961). 
A biochemical basis for host-specificity has been commonly suggested for 
other plant pathogens, and results of many studies suggest that the possible host-
specificity of C. fimbriata may be mediated by a wide array of chemicals generated 
by both the plant and the fungus. Bioactive chemicals involved in plant-pathogen 
interactions may be constitutive (always present in the fungus or plant) or induced 
(only present following infection). 
Few studies have examined constitutive plant defenses against C. fimbriata. 
These studies usually have examined mechanisms of resistance within host 
species; for example, phenolic compounds are more abundant in the leaves and 
branches of resistant cacao cultivars than in those of susceptible ones (Reyes and 
Reyes 1968). 
Much more research has examined the role of induced defenses in 
determining host specificity, especially using taro and sweet potato isolates. Sweet 
potato roots infected with all strains of the fungus produced elevated levels of 
furanoterpenoid phytoalexins (mostly ipomeamarone, dehydroipomeamarone, 
ipomeamaronol, and related compounds) (Kojima and Uritani 1976; Schneider et al. 
1984), as well as lipoxygenase (Shaodong and Hesheng 1995), ethylene (Chalutz 
and DeVay 1969), and various proteins and isozymes (Weber and Stahmann 1965). 
These compounds severely inhibited growth of most C. fimbriata isolates from hosts 
other than sweet potato (Kojima and Uritani 1976; Yasuda and Kojima 1986; 
Takeuchi et al. 1978), and inhibition of production of these compounds in the plant 
made previously harmless isolates pathogenic (Kojima and Uritani 1976). 
Inoculated taro corms, in turn, also produced antifungal compounds (Masui et al. 
1989) and wound cork (Mizukami 1951) that were effective against non-taro C. 
fimbriata isolates. Spore agglutinization factors produced by the plant also affect 
pathogenicity of different strains of C. fimbriata on various hosts, but only after 
germination of the spores (Kojima and Uritani 1974; Kojima et al. 1982; Kawakita 
and Kojima 1986). Induced defenses such as phytoalexins (El Modafar et al. 1995), 
tannins, and cork layers around phloem (Przybyl 1984b) are also present in poplars 
and sycamores inoculated with C. fimbriata. 
Fungus-generated chemicals are as important as plant-generated 
compounds in determining disease development and host specificity. For example, 
an extract from a host-specific isolate, not the living fungus itself, induces many of 
the plant chemical defenses previously mentioned that affect host specificity in 
sweet potato (Kim and Uritani 1974) and sycamore (Alami et al. 1998; Ake et al. 
1992; El Modafar et al. 1993, 1996). Also, several of the chemicals derived from 
coffee isolates of C. fimbriata have been shown to induce symptoms in coffee plants 
in the absence of the fungus (Gremaud and Tabacchi 1996). Surface 
polysaccharides of the fungus differ between isolates taken from mango and 
Crotoiaria juncea (Alviano et al. 1979). Work by DeVay et al. (1967) suggests that 
pathogenic C. fimbriata isolates produce antigens identical to antigens produced by 
susceptible hosts. Similarly, Kojima (1993) reports that germinated fungal spores 
may also contain inhibitory proteins that counteract the spore agglutinization factors 
produced by the plant. 
Kojima (1993) suggests that a combination of phytoalexins, calcium ions, and 
spore-agglutinating factors in plants, and spore-agglutination inhibitory proteins on 
germinated spores, determine host-pathogen specificity in C. fimbriata. Reyes and 
Reyes (1968) note that host defenses may be driven by different mechanisms in 
different host species, and, therefore, the mechanisms of host-specificity of the 
fungus may vary greatly depending on the plant host. 
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Identification of the host range of fungal plant pathogens is essential for 
understanding the ecology and epidemiology of the pathogens, and for studying the 
speciation processes that may occur as lineages evolve towards specialization to 
different niches. Plans for disease control must also necessarily consider host 
range of the pathogen. 
Insect Relations 
C. fimbriata produces a fruity odor that is assumed to be attractive to various 
scolytid and nitidulid beetles that are associated with the fungus. On cacao, 
Xyleborus spp. (Scolytidae) selectively attack trees infected with C. fimbriata, and 
the insects and fungus are sometimes described as a disease complex (Iton 1966). 
Xyleborus beetles preferentially attack diseased cacao trees, especially preferring 
trees with deteriorated bark (Saunders 1964). The adult female beetles bore into 
the tree perpendicular to the bark, usually at the base of the trunk (Iton and Conway 
1961). Branching tunnels in which eggs are laid form horizontally planar "galleries." 
C. fimbriata and other fungi may live within the galleries (Iton and Conway 1961). 
On tunneling through the diseased tree, the beetles displace "frass" from their 
tunnels, including wood shavings, feces, and often fungal spores, which then travel 
by wind and rain splash to other nearby cacao trees (Iton 1959; Iton 1960). A similar 
relationship between Platypus subgranosus (another ambrosia beetle) and Chalara 
australis (a similar fungus) has been well documented (Kile et al. 1992). In this 
18 
system insect attack is secondary to fungal attack and the insects may disseminate 
the pathogen but they are not necessary for its spread (Kile and Hall 1988). 
In another dispersal mechanism, C. fimbriata can produce a sporulating mat on 
cut surfaces of infected wood, with abundant perithecia and sticky masses of 
ascospores. The fruity odor produced by the fungus attracts fungal-feeding nitidulid 
beetles. As they feed on the fungus, spores adhere to the exoskeletons of beetles. 
These spores can then be dispersed to fresh wounds that the beetles may visit. 
Nitidulid beetle transmission of C. fimbriata has been demonstrated with the Populus 
(Hinds 1972b), Platanus (Crone 1963) and Prunus (Moller and DeVay 1968) forms 
of the fungus. 
Genetics 
DNA fingerprinting is a useful method for examining genetic variation within and 
between populations of organisms. Restriction fragment length polymorphisms 
(RFLP) have been used extensively to compare DNA fingerprints of a variety of 
organisms, and the (CAT)5 and (CAC)5 oligonucleotide probes (DeScenzo and 
Harrington 1994), Hae III mitochondrial DNA fingerprints (Wingfield et al. 1996b) and 
microsatellite markers (Steimel et al. 2004) have proven effective for examining 
polymorphic loci among the higher fungi. Molecular genetic techniques are 
becoming increasingly pertinent in evolutionary biology studies, especially those of 
quickly-evolving fungi that may possess similar morphological characters because of 
convergent evolution. 
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A few studies have examined population genetics of Ceratocystis fimbriata. 
Polymorphic microsatellite markers delineate some geographic and host-specific 
groupings (Barnes et al. 2001, Steimel et al. 2004). RFLPs, RAPDs, and sequence 
data were used to investigate variation among coffee isolates from Colombia (Marin 
et al. 2003). A study using RAPDs and minisatellite markers found that Italian 
Platanus isolates were distinct from isolates from other hosts (Santini and Capretti 
2000). 
Conclusions 
Ceratocystis fimbriata is an ecologically and genetically diverse species 
complex. Previous studies have suggested that species within this complex may 
have different host specificities. By examining host specificity, intersterility 
groupings, and population genetics, C. fimbriata provides ample opportunity to test a 
species concept for plant pathogenic fungi. 
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CHAPTER 2. GENETIC VARIABILITY AND HOST SPECIALIZATION 
IN THE LATIN AMERICAN CLADE OF CERATOCYSTIS FIMBRIATA 
A paper published in Phytopathology1 
Christine J. Baker, Thomas C. Harrington, Ulrike Krauss, and Acelino C. Alfenas. 
ABSTRACT 
Ceratocystis fimbriata is a large complex of fungal species that cause wilt and 
canker diseases of many economically important plants. Phylogenetic analyses of 
DNA sequences have delineated three geographic clades within C. fimbriata. This 
study examined host-specialization in the Latin American clade, in which a number 
of lineages were identified using sequences of the internal transcribed spacer (ITS) 
region of the rDNA. Three host-associated lineages were identified from cacao 
(Theobroma cacao), sweet potato (Ipomoea batatas), and sycamore (Platanus spp.), 
respectively. Isolates from these three lineages showed strong host specialization in 
reciprocal inoculation experiments on these three hosts. Six cacao isolates from 
Ecuador, Trinidad, and Colombia differed genetically from other cacao isolates and 
were not pathogenic to cacao in inoculation tests. Further evidence of host 
specialization within the Latin American clade of C. fimbriata was demonstrated in 
inoculation experiments in growth chambers using sweet potato, sycamore, 
1 Reprinted with permission of Phytopathology, 2003, 93:1274-1284. 
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Colocasia esculenta, coffee (Coffea arabica), and mango (Mangifera indica) plants; 
inoculation experiments in Brazil using Brazilian isolates from cacao, Eucalyptus, 
mango, and Gmelina arborea; and inoculation experiments in Costa Rica using 
Costa Rican isolates from cacao, coffee, and Xanthosoma. Hosts native to the 
Americas appeared to be colonized by only select pathogen genotypes, while non-
native hosts were colonized by several genotypes. We hypothesize that local 
populations of C. fimbriata have specialized to different hosts, some of these 
populations are nascent species, and some host-specialized genotypes have been 
moved to new areas by humans. 
Additional Keywords: fungal phylogenetics, speciation 
Ceratocystis fimbriata Ellis & Halsted attacks an exceptionally wide range of 
economically important plants, causing wilt-type diseases, cankers, and rot of 
storage roots. The fungus usually enters woody plants through wounds. A total of 
31 plant species representing 14 families have been confirmed as hosts, including 
trees such as sycamore (Platanus spp.), mango (Mangifera indica L.), Gmelina 
arborea Roxb., cacao (Theobroma cacao L), Citrus spp., coffee (Coffea arabica L.), 
rubber tree (Hevea brasiliensis (Willd. ex Adr. Juss) Mull. Arg.), Spathodea sp., 
Prunus spp., fig {Ficus carica L.), poplar (Populus spp.), Acacia spp., and 
Eucalyptus spp., and root crops such as sweet potato (Ipomoea batatas (L.) Lam.) 
and edible aroids (Colocasia esculenta (L.) Schott and Xanthosoma spp.) (7). The 
fungus has a broad geographic range, and various host-associated forms appear to 
be native throughout North and Latin America as well as Asia (18). A close relative, 
Ceratocystis albofundus Wingfield, De Beer & Morris, is native to southern Africa 
(40,53). 
Despite its wide host and geographic ranges, C. fimbriata is generally known 
on each host in only a relatively restricted geographic area (7). For example, mango 
is reported as a host only in Brazil, even though mango trees are grown throughout 
northwestern South America and Central America, where the fungus is common on 
cacao and coffee. Several limited inoculation studies (4,9,21,23,29,30,38) have 
suggested the existence of host specialization within the C. fimbriata complex. 
However, Webster and Butler (51) concluded that C. fimbriata was a single species 
because isolates from various hosts were sexually interfertile and morphologically 
indistinguishable. 
Genetic analyses of rDNA sequences and partial sequences of the MAT-2 
mating type gene delineate three geographic clades within C. fimbriata, centered in 
North America, Latin America, and Asia, respectively (18). Some lineages within 
these major clades appear to be associated with specific hosts. Barnes et al. (5) 
found that some of the variation in microsatellite markers among C. fimbriata isolates 
correlated with the plant hosts from which the isolates were collected. Isolates from 
sycamore in Europe appeared to be distinct from sweet potato and Popuius isolates 
based on RAPD markers (43). These observations suggest that genetically distinct 
groups within C. fimbriata may have unique host ranges, but previous inoculation 
studies used only a few isolates on a few host plants, and no previous study has 
examined host specialization of C. fimbriata within a phylogenetic context. 
The aim of this study was to examine phylogenetic relationships and host 
specialization within the Latin American clade of C. fimbriata (18), particularly 
focusing on isolates from cacao, sweet potato, and sycamore. Isolates from these 
and other hosts native or exotic to Latin America were used for internal transcribed 
spacer (rDNA-ITS) sequencing and in a series of inoculation studies. 
MATERIALS AND METHODS 
Fungal isolates. Isolates of C. fimbriata were mostly obtained from trees 
showing wilt symptoms and/or cankers, rotted storage roots, or rotted corms, or from 
culture collections. Representative isolates of the Latin American clade from 
particular hosts were selected for genetic analysis and inoculation studies (Table 1). 
ITS sequencing. Genomic DNA for use as template in PGR was obtained 
from mycelium grown in 25 ml of broth (2% malt extract and 0.2% yeast extract) at 
room temperature (about 24°C) for two weeks. Extraction of DNA followed the 
method of DeScenzo and Harrington (10). Sequences of the internal transcribed 
spacer (ITS) region and 5.8S gene of the rDNA were obtained by PGR amplification 
of genomic DNA using the primers ITS-1F (5'-CTTGGTCATTTAGAGGAAGTAA-3') 
and ITS-4 (5'-TCCTCCGCTTATTGATATGC-3') (16,52), following the protocol of 
Harrington et al. (19), with slightly different cycling conditions, which were an initial 
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denaturation at 94°C for 95 s followed by 35 cycles of denaturation (94°C) for 35 s, 
annealing at 52°C for 60 s, and extension at 72°C for 60 s. Final extension was at 
72°C for 15 min. 
Phylogenetic analysis. Sequences were aligned manually by adding gaps 
and analyzed using parsimony with PAUP 4.0b10 (46). Ceratocystis albofundus 
isolate C1048 from Acacia mearnsiide Wild, in South Africa was used as the 
outgroup taxon, and the ingroup was considered monophyletic. Of 676 total 
characters including gaps, 89 were ambiguously aligned and excluded from the 
analysis, 150 remaining sites were variable, and of these, 52 were parsimony-
informative. Gaps were treated as a fifth character. A maximum parsimony heuristic 
search was performed with all characters having equal weight. Stepwise addition 
was used to obtain starting trees, and tree-bisection-reconnection was used. 
Bootstrap analysis with 1000 replications of heuristic searches was used to assess 
support for the internal branches (14). 
Inoculation experiments. Because several lineages distinguished by the 
phylogenetic analysis correlated with host plants from which the isolates were 
collected, we performed a series of inoculation experiments with isolates from these 
lineages. Three series of inoculation experiments were performed using varying 
hosts and isolates in growth chambers at Iowa State University and in outdoor 
nurseries at Viçosa, Brazil and Turrialba, Costa Rica. 
Growth chamber experiments. Three experiments were performed in 
growth chambers. In the three-host experiment, cacao, sweet potato, and sycamore 
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plants were inoculated with nine isolates from these hosts. In the five-host 
experiment, sweet potato, sycamore, coffee, and Colocasia plants were inoculated 
with 13 isolates from various hosts and several different lineages, and mango plants 
were inoculated with 4 of those isolates. In a separate cacao experiment, cacao 
plants were inoculated with 14 cacao isolates of varying ITS sequences to examine 
variability in pathogenicity among cacao isolates (Table 1). 
All plants for growth chamber experiments were grown in pasteurized potting 
mix containing 25% peat, 25% soil, and 50% perlite. Sycamore (Platanus 
occidentalis L.) seeds were half-sib progeny from an open-pollinated tree (Sheffield's 
Seed Company, Locke, NY). Cacao seeds for the three-host inoculation experiment 
were obtained from pods of a cacao tree grown in a greenhouse at the Iowa State 
University campus. The cultivar of this cacao plant was unknown, but fruits were 
smooth, slightly furrowed, yellow, approximately 15 to 20 cm by 10 cm and with 20 
to 40 seeds per pod. Cacao seeds for the cacao inoculation experiment were 
obtained from pods of cultivar Theobahia (Forastero type) from Bahia, Brazil. Sweet 
potato cuttings were propagated vegetatively from sprouts of a storage root 
(unknown cultivar, cream flesh, peach-colored skin) obtained from an Ames, Iowa 
grocery store. Mango plants were propagated from seeds of mango fruits (unknown 
variety), also obtained from an Ames, Iowa grocery store. Colocasia esculenta 
plants were grown from small (5-8 cm long, white flesh) corms obtained from a Des 
Moines, Iowa grocery store and had green leaves and pseudopetioles. Coffee 
(Coffea arabica) plants were grown from seeds obtained from Sheffield's Seed 
Company. Cacao, sycamore, sweet potato, and coffee plants were started in 
shallow trays in a high-humidity mist bay for approximately 4 weeks and then 
transplanted into 6-inch pots in a warm greenhouse. Mango seeds and Colocasia 
corms were directly planted in 6-inch pots in the same greenhouse. All plants were 
kept in full sun, except for cacao plants, which were grown under silver shade cloth 
that reduced sunlight to about 20% of ambient. Plants were grown in the 
greenhouse with adequate water for 1 to 12 months, depending on the plant species 
and experiment, before being transferred to growth chambers. Plants used in the 
three-host experiment received weekly applications of fertilizer (25% Peter's Excel 
21-5-20, 75% Peter's Cal-Mag Special 15-5-15) prior to and throughout each 
experiment; plants used in other experiments received weekly applications of 
Miracle Gro Excel 21-5-20 only prior to being moved to the growth chambers. 
Cacao plants used in the three-host experiment were 6 months old; those 
used in the cacao inoculation were 4 to 5 months old. Sweet potato plants in the 
three-host experiment were 3 to 5 weeks old, and those used in the five-host 
experiment were 8 to 12 weeks old. Sycamore plants used in the three-host 
experiment were 4 months old, and those used in the five-host experiment were 6 
months old. Mango plants were 12 months old, coffee plants were 7 months old, 
and Colocasia plants were 3 months old. 
Seven days prior to inoculation, the potted plants were moved to a growth 
chamber set at 25°C with 16:8 light:dark cycle and illumination of about 110 (imol 
cm"2 s"1 of photosynthetically active radiation (PAR). High humidity was maintained 
with trays of water inside the chamber, except in the cacao inoculation experiment, 
which utilized a growth chamber with automatic humidity control (65-80% RH). Each 
growth chamber experiment used a balanced, completely random design, where 
individual plants were assigned to treatments and arranged in the growth chamber 
randomly, five plants per treatment and five plants as control (except for one 
sycamore experiment, with six plants per treatment). All growth chamber 
experiments were repeated except for the inoculations of sweet potato, sycamore, 
and mango in the five-host inoculation experiment. 
Inoculum was prepared from self-fertile, single-ascospore progeny of each 
isolate grown on malt yeast extract agar (MYEA; 2% malt extract, 2% agar, 0.2% 
yeast extract) at room temperature for 7 days. Each culture was flooded with 10 ml 
sterile deionized water and scraped with a sterile spatula, and the resulting spore 
suspension was filtered through four layers of sterile cheesecloth, which was then 
rinsed with an additional 5 ml water. The concentration of the spores was estimated 
with a hemacytometer, diluted to 2.0 X 105 spores per ml, and loaded into sterile 
syringes (needle gauge 21). Spore suspensions consisted almost entirely of 
cylindrical endoconidia, although there were also some ascospores, aleurioconidia, 
and hyphal fragments. Controls were prepared by flooding and scraping a sterile 
MYEA plate. 
Sweet potato plants were wounded by using a sterile dissection needle to 
punch a hole through each stem about 3 cm above the soil line. The pseudopetiole 
of the youngest, fully expanded leaf of each Colocasia plant was similarly wounded. 
For the woody plants, an approximately 3 mm deep, downward-slanting cut was 
made from the outer bark through to the inner wood using a sterile scalpel, 
approximately 3 cm from the base of the plant. Each wound was injected with at 
least 0.2 ml of spore suspension using the syringe, and the inoculation site was 
wrapped in Parafilm. In the three-host inoculation experiment, plant height was 
recorded immediately before inoculation and at harvest. Plants were observed daily 
and harvested either when they died (no fleshy green leaf tissue present) or at 45 
days (three-host experiment) or 28 days (all other experiments) after inoculation. 
On harvest, each stem was sliced open vertically above and below the point 
of inoculation, and the length of xylem discoloration recorded. To reisolate the 
fungus, discolored tissue was placed between slices of carrot, which was then 
incubated under humid conditions at room temperature (31); after seven days the 
carrot slices were observed for growth of C. fimbriata. Representative isolates (at 
least two per host plant per source of inoculum) were subcultured from these 
samples and fingerprinted (using Psfl restriction enzyme and (CAT)5 as a probe, 
reference 10) and the banding patterns compared to those of the original strains 
used in the inoculations. 
Brazilian experiments. Two separate inoculation experiments were 
conducted using plants grown in plastic bags or pots filled with soil in an outdoor 
nursery on the campus of the Universidade Federal de Viçosa during June-July 
2000 and March-April 2001. The first experiment included cacao seedlings (cv. 
Theobahia, 4-month-old), mango seedlings (cv. Espada, 5-month-old), Eucalyptus 
cuttings (E. urophyla X E. grandis hybrid, 3-month-old), Crotalaria juncea L. 
seedlings (8-week-old), rubber seedlings (5-month-old), cassava cuttings (Manihot 
esculenta Crantz., 3-month-old), and coffee seedlings (Coffea arabica, 4-month-old). 
Mango, coffee, rubber, and cacao were grown under shade, cassava and 
Eucalyptus were grown in full sun, and Crotalaria was grown in partial shade. There 
were one to three Crotalaria plants in each pot, but each plant was inoculated 
separately (with the same isolate) and treated as a replicate. This experiment used 
an unbalanced completely random design, with approximately equal numbers of 
plants inoculated by each isolate. Due to the different numbers of plants available, 
number of replicates per treatment per plant species varied from 2 or 3 (mango) to 
27 (Crotalaria). Plants were inoculated with 12 isolates collected in Brazil from 
various hosts (Table 1), using the same method as the growth chamber inoculations. 
Length of xylem discoloration was recorded after 22 to 23 days. We did not attempt 
to reisolate the fungus from inoculated plants. 
The second Brazilian experiment included cacao seedlings (cv. Theobahia, 6-
to 8-week-old), Eucalyptus cuttings (same clone, 5-month-old), mango seedlings 
(variety Espada, 1-year-old), C. juncea seedlings (5-week-old), and G. arborea 
seedlings (3-month-old). Cacao plants were grown under shade before and during 
the experiment, while all other plants were grown in full sun. As in the first Brazilian 
experiment, there were one to three Crotalaria plants per pot. Each plant species 
was treated as a block, and plants were inoculated by the isolates in a randomly 
selected order. Plants were inoculated with 11 of the same isolates as the first 
Brazilian experiment (Table 1), using the same method as the growth chamber 
inoculations, except that the spore concentration was 1.0 x 106 spores per ml. 
Length of xylem discoloration was recorded after 32 to 34 days. We did not attempt 
to isolate the fungus from the inoculated plants. 
Costa Rican experiments. Cacao seedlings (Forastero type), coffee 
seedlings (Coffea arabica cv. Caturra), and Xanthosoma sagittifolium (L.) Schott. 
plants were grown in plastic bags of soil in an outdoor nursery at the Centra 
Agronômico Tropical de Investigaciôn y Ensenanza (CATIE) in Turrialba, Costa 
Rica. Cacao and Xanthosoma plants were 2 to 3 months old and coffee plants were 
4 to 5 months old when inoculated in March 2001. Four isolates from each of cacao 
and coffee, and one isolate from Xanthosoma, all collected in Costa Rica, were 
inoculated into these three hosts using methods identical to those in the growth 
chamber inoculations. 
In a second experiment, 12 Costa Rican isolates from cacao were tested on 
2-3-month-old cacao plants using methods identical to the growth chamber 
experiments. In both Costa Rican experiments, the plants were randomly assigned 
to treatments, 9 or 10 plants per isolate, in a completely random design. Xylem 
discoloration was recorded at 18 days (cacao plants) or 19 days (coffee and 
Xanthosoma plants) after inoculation. 
Statistical analysis. For the three-host inoculation experiment, length of 
xylem discoloration was analyzed by inoculated host plant, source (host) of 
inoculum, experiment, and the host X source of inoculum interaction using a multi-
factorial analysis of variance (ANOVA). Height growth of plants that survived to the 
end of the experiment was also analyzed by source of inoculum using an ANOVA, 
with each host species analyzed separately because of widely varying height growth 
among species. When an ANOVA indicated significant variation among sources of 
inoculum (P< 0.05), Duncan's Multiple Range test was used to separate means. 
The proportions of plants killed and reisolation success for each source of inoculum 
were compared within each host species using chi-square tests, adjusted for 
multiple comparisons by the Bonferroni method (39). 
For all other experiments, length of xylem discoloration was analyzed for each 
inoculated host species separately. When ANOVA indicated that the variation 
among isolates was significant (P< 0.05), Duncan's Multiple Range test was used to 
separate means. For the Brazilian experiment, a multi-factorial ANOVA was also 
used to analyze length of xylem discoloration by host species, isolate, experiment, 
and host X isolate and host X isolate X experiment interactions, using only data from 
host species that were inoculated in both experiments. All statistics were performed 
using SAS version 8.2 statistical software (SAS Institute, Cary, NC). 
RESULTS 
Phylogenetic analysis. The ITS sequences of the C. fimbriata isolates were 
extremely variable, primarily due to numerous insertions and deletions (indels) in ITS 
1 and ITS 2. There were 923 most parsimonious trees of 219 steps derived from 52 
parsimony-informative positions and 98 variable but not parsimony-informative 
positions. Most of the variable sites that were not parsimony-informative were 
between the outgroup taxon (C. albofundus) and the ingroup (Latin American clade 
of C. fimbriata). The consistency (CI), retention (Rl), and rescaled consistency (RC) 
indices were 0.772, 0.919, and 0.709, respectively. Most isolates from cacao or the 
closely related Herrania spp. fell into a strongly-supported lineage with two 
sublineages; one sublineage contained isolates from Ecuador and one isolate from 
Costa Rica, and the other sublineage contained Costa Rican and Brazilian isolates 
(Figure 1). Six cacao isolates from Ecuador, Colombia, and Trinidad did not group 
into either of these cacao sublineages, nor did they group with each other. All 
sycamore isolates formed a strongly-supported lineage of similar ITS sequences. 
Isolates from sweet potato all shared a unique ITS sequence, and the ITS sequence 
of isolate C1005 from a coffee plant in Guatemala was identical to that of the sweet 
potato strains except for two one-base insertions. There was no bootstrap support 
for the clade containing C1005 and the sweet potato isolates. 
Because the ITS sequence of coffee isolate C1005 was very similar to that of 
the sweet potato isolates, we performed a separate analysis using sequences of all 
isolates except C1005. In this analysis, 26,623 most parsimonious trees of length 
217 were found. The consistency (CI), retention (Rl), and rescaled consistency (RC) 
indices were 0.779, 0.921, and 0.717, respectively. Bootstrap analysis was 
restricted to a maximum of 100 trees for 1000 replications due to the large number 
of most parsimonious trees. Bootstrap values for branches were nearly identical (no 
more than four percentage points different) to those shown in Figure 1 (when C1005 
was included), except that a branch containing all the sweet potato isolates had 79% 
bootstrap support, and a branch containing C1442 and C1451 from Brazilian 
Eucalyptus had 53% support. 
We performed a third analysis in which indels were coded as present or 
absent and gaps were treated as missing data . This analysis yielded more than 
433,000 most parsimonious trees of length 171. The CI, Rl, and RC were 0.6842, 
0.8854, and 0.6058, respectively. Bootstrap analysis was again restricted to a 
maximum of 100 trees for 1000 replications. Some of the branches shown in Figure 
1 were not supported in this analysis, but the cacao lineage still had 75% bootstrap 
support, the Ecuadorian and Costa Rican cacao sublineages had support of 100% 
and 93%, respectively, and the sycamore lineage had support of 94%. Although the 
sweet potato isolates all had the same, unique ITS sequence, there was no 
bootstrap support for this branch. 
Growth chamber experiments. Because an analysis of variance indicated 
no significant difference between the two three-host growth chamber experiments 
(Table 2), these were combined for analysis. C. fimbriata isolates from the cacao, 
sweet potato, and sycamore lineages caused dramatically more xylem discoloration 
on the hosts from which they were originally isolated than on the other two plant 
species (Figure 2). For each of the three hosts, inoculation by isolates from the 
other two hosts did not result in xylem discoloration significantly different from the 
control inoculations, which had a very small amount of discoloration, a host 
response to the wounding. Discoloration was not qualitatively different among the 
inoculated and control plants. An analysis of variance of these discoloration data 
shows that the largest source of variation is the host X source of inoculum 
interaction (Table 2). With the exception of one sycamore plant inoculated with a 
cacao isolate, only cacao isolates killed cacao plants, only sweet potato isolates 
killed sweet potato plants, and only sycamore isolates killed sycamore plants (Table 
3). 
Height differences among surviving inoculated and control cacao and 
sycamore plants were not significant based on ANOVA, probably because only a 
few plants inoculated with compatible isolates survived to the end of the experiment. 
However, the ANOVA of height growth of surviving sweet potato plants showed that 
there was significant variation (F= 4.39, P= 0.0062). The 25 surviving sweet potato 
plants inoculated with sweet potato isolates had reduced growth compared with 
sweet potato plants inoculated with cacao isolates, sycamore isolates, or the control 
plants (Table 3). 
Reisolation of C. fimbriata was attempted from all inoculated and control 
plants, but the fungus was not recovered from control plants. Reisolation success 
varied significantly with source of inoculum from inoculated cacao plants (F = 14.98, 
P= 0.0003) and from inoculated sycamore plants (F = 23.09, P< 0.0001), but not 
from inoculated sweet potato plants (F= 1.37, P= 0.2852). Cacao isolates 
inoculated into cacao plants were reisolated from 73% of the seedlings, and 
sycamore isolates inoculated into sycamore plants were reisolated from 97% of the 
seedlings (Table 3). Cacao isolates were reisolated from 67% of the inoculated 
sycamore plants, even though these sycamore plants did not differ significantly from 
control plants in percent mortality, length of xylem discoloration, or height growth. 
The (CAT)5 DNA fingerprints of cultures reisolated from the plants matched those of 
the original isolates (data not shown). 
To see whether a wider range of C. fimbriata isolates and host plants would 
show similar patterns of strong host specificity, we inoculated 13 isolates (Table 1) of 
diverse ITS sequences into coffee, Colocasia, sweet potato, and sycamore in a five-
host growth chamber experiment. Four isolates were also inoculated into mango. 
Separate ANOVAs of the extent of xylem discoloration showed that there was 
significant variation (P< 0.05) among the isolates on each host, but there was no 
difference between the two experiments (P= 0.6019). Only the sweet potato isolate 
caused significant discoloration on sweet potato (Table 4). Isolates from cacao, 
coffee, and mango caused more discoloration on sycamore plants than did the 
control, but the sycamore isolate caused a significantly greater amount of 
discoloration than did the other isolates. All isolates caused more discoloration on 
coffee than did the control, but a coffee isolate from Costa Rica caused the greatest 
amount of discoloration. Only a Xanthosoma isolate caused significant discoloration 
on Colocasia plants (both are members of the family Araceae), and only a mango 
isolate did so on mango plants. 
To see if all isolates from cacao were pathogenic to cacao plants, a third 
growth chamber experiment utilized representative isolates from the two cacao 
sublineages and all other cacao isolates (Figure 1, Table 1 ). Amount of xylem 
discoloration on inoculated cacao plants varied significantly by isolate (F = 44.49, P 
< 0.0001), experiment (F= 39.86, P< 0.0001), and isolate X experiment (F= 4.16, P 
< 0.0001), so experiments were analyzed separately. In both experiments, all 
isolates of the two cacao sublineages, except C1004, caused significantly more 
discoloration than the other cacao isolates, which did not differ from the controls 
(Table 5). Isolate C1004 appeared to be debilitated as it produced an abnormal 
white, fluffy mycelium in culture and did not produce perithecia. When only isolates 
of the cacao sublineages were analyzed (but without the non-pathogenic C1004), 
the ANOVA indicated no significant variation in lesion size among isolates when 
experiments were combined (F = 1.82, P = 0.1113) and no isolate X experiment 
interaction (F= 0.57, P= 0.7546). 
Brazilian inoculations. Considering only plant species that were inoculated 
in both experiments, amount of discoloration differed significantly between 
experiments according to ANOVA (P< 0.0001). There was also a significant host X 
isolate X experiment interaction (P= 0.0001). Thus, each experiment and host 
species was analyzed separately (Table 6). In the first experiment, there was no 
xylem discoloration in any of the inoculated or control cassava plants. Lesion length 
in coffee and rubber was small (0 to 1.4 cm and 0 to 1.1 cm, respectively) and did 
not vary among isolates and controls in an ANOVA (P= 0.1636 and P= 0.4455, 
respectively). Because of this, cassava, coffee, and rubber were not included in the 
second experiment. 
In the first experiment, only the three cacao isolates caused more 
discoloration than the controls in cacao plants (Table 6). Two isolates from mango, 
two genetically similar isolates from cassava and Annona (Figure 1), and the 
Gmelina isolate all caused significant discoloration in inoculated mangos. Only 
isolates C1345 and C1442, both from Eucalyptus, caused significant discoloration 
on inoculated Eucalyptus. Crotalaria had the most discoloration of any of the 
inoculated plants and was significantly discolored by all isolates except for C1451 
from Eucalyptus, although cacao isolates caused significantly less discoloration on 
inoculated Crotalaria than did the other isolates. Isolate C1451 appeared to be 
debilitated in the first experiment and was not used in the second experiment. 
In the second Brazilian experiment, the cacao plants were relatively young, 
and all cacao plants inoculated with cacao isolates died (Table 6). One cacao 
seedling inoculated with the Gmelina isolate also died, and among surviving cacao 
plants, only the Gmelina isolate caused more discoloration than did the controls. 
The isolates from cacao and Gmelina did not cause significant discoloration on 
inoculated mango plants; but all three mango isolates and the related cassava and 
Annona isolates, and one Eucalyptus isolate caused more discoloration than the 
controls. As in the first Brazilian experiment, isolates C1345 and C1442 caused the 
most discoloration on Eucalyptus, although isolates from cassava, mango, and 
Gmelina also caused more discoloration than in the controls. Substantial 
discoloration was found in Crotalaria plants inoculated by all isolates, and several 
Crotalaria plants inoculated with each isolate died. Only the Gmelina isolate caused 
significant xylem discoloration in Gmelina. 
Costa Rican inoculations. The ANOVA of the extent of xylem discoloration 
in each of the three hosts indicated significant (P< 0.0001 in each case) variation 
among isolates. Cacao isolates caused extensive discoloration and death in 
inoculated cacao plants, while cacao plants inoculated with coffee or Xanthosoma 
isolates did not differ from the controls (Table 7). Only the coffee plants inoculated 
with coffee isolates had xylem discoloration significantly greater than that of the 
control plants, and only the Xanthosoma isolate caused significant xylem 
discoloration in Xanthosoma plants. 
An ANOVA indicated that there was significant variation in the extent of xylem 
discoloration among the 12 Costa Rican cacao isolates inoculated into cacao plants 
and the control treatment (F= 4.49, P < 0.0001 ). All isolates caused more xylem 
discoloration than did the control inoculations (Table 8). Sixty five percent of the 
inoculated seedlings died, and there was an average of 4.3 cm discoloration in the 
inoculated seedlings, compared to no mortality and 0.7 cm for the control plants. 
However, when control inoculations were removed, there was no variation among 
the 12 isolates in amount of xylem discoloration produced (F= 1.53, P= 0.1303). 
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DISCUSSION 
Analysis of rDNA-ITS sequences demonstrated substantial genetic variation 
and resolved some lineages within the Latin American clade of C. fimbriata. Isolates 
from some of the lineages showed host specialization in a series of inoculation 
experiments, consistent with several previous, smaller inoculation studies 
(4,9,23,38). The association of specific ITS sequences with host specialization 
suggests that some genotypes of C. fimbriata have adapted to specific hosts. 
Host susceptibility. The inoculation experiments gave generally consistent 
results despite differences in plant age, cultivars, and growth chamber and nursery 
conditions. Wounds on the trunk or branches are the most common infection court 
for natural infections of woody hosts, so the inoculation method used closely 
approximated natural conditions. Differences between the results of the two 
Brazilian experiments may be partly due to different ages of plants and experiments 
of different duration. Generally, there was more discoloration and mortality in the 
second experiment, which was harvested after 32-34 days rather than 22-23 days. 
However, the trends in host susceptibility were consistent for hosts such as cacao 
that were used in both growth chamber and nursery inoculations. 
Many of the hosts not native to the Americas were susceptible to isolates 
from many hosts. For example, in the Brazilian inoculation study, all isolates tested 
caused more discoloration in Crotolaria than did the control inoculations, and all but 
the cacao isolates and one Eucalyptus isolate caused more discoloration in mango 
49 
than did the controls. In growth chamber experiments, all isolates caused more 
discoloration in coffee than did the controls. In contrast, the American hosts cacao 
(54), sweet potato (3,25), sycamore (42), and Xanthosoma (37) were highly resistant 
to all isolates except those from their respective hosts. 
Several host resistance mechanisms may contribute to host specialization. A 
variety of phytoalexins are elicited in sycamore (2,8,11,12,13) and sweet potato 
plants (22,33,34,44,45,47,48,49,50) when challenged with C. fimbriata. Several of 
these phytoalexins, especially spore agglutinating factors (26,27,28) and 
furanoterpenoid phytoalexins (29,55), have been suggested to play key roles in 
determining host specialization of sweet potato isolates and Asian isolates from 
Colocasia. It is possible that phytoalexins in the discolored tissue of inoculated 
sweet potato plants inhibited the fungus and reduced our recovery of C. fimbriata 
from those plants. Sycamore isolates of C. fimbriata are known to produce 
phytotoxins (1,36), and these may also play a role in determining host specificity of 
the fungus. Mechanisms of resistance have not been well studied in cacao, but only 
cacao isolates could infect and survive in cacao seedlings, suggesting that the 
cacao sublineages of C. fimbriata are uniquely adapted to cacao. 
Host-specialized lineages. Two strongly supported lineages delineated by 
the phylogenetic analysis contained only isolates from cacao and sycamore, 
respectively. Sweet potato isolates all shared a unique, identical ITS sequence and 
also formed a moderately supported lineage when a related isolate from coffee was 
removed from the analysis. The isolate from Xanthosoma also had a unique ITS 
sequence. Isolates from these four host-associated lineages were uniquely 
pathogenic to their respective American hosts. The cacao lineage contained two 
geographic sub-lineages, one from Ecuador and the other from Costa Rica and 
Brazil, but isolates of these sub-lineages did not differ in aggressiveness to cacao in 
our growth chamber inoculations. Other cacao isolates with differing ITS sequences 
were not pathogenic to cacao, and at least some of these isolates were not from 
trees with cacao wilt. 
Isolates from hosts not native to Latin America (i. e., from coffee, mango, 
Eucalyptus, and Gmelina) generally showed some specialization to their respective 
hosts, but the specialization was not as strong as that shown by isolates from the 
four native hosts. Coffee isolates from Guatemala, Costa Rica, Colombia, and 
Suriname had very different ITS sequences, and these differed in their 
aggressiveness to coffee. Likewise, many ITS genotypes were found among 
isolates from mango and Eucalyptus in various locales in Brazil. Isolates collected 
from mango, Annona, and cassava in a few small farms near Sâo Fidelis, Rio de 
Janeiro state, Brazil had identical ITS sequences and were highly aggressive to 
mango. These isolates were all collected from an area where the disease was 
severe on mango and apparently Annona, but the cassava isolate was from a cut 
stem to be used for propagation and was not pathogenic to cassava in our 
inoculations. 
Local populations. Since C. fimbriata is primarily disseminated by insects 
(15,21,24,32), and long distance dispersal is not very efficient, we hypothesize that 
local populations of the fungus may become geographically isolated and can 
develop specialization to local, native hosts. Although these local populations may 
not be very aggressive to their native hosts (e.g., the cacao isolates with ITS 
sequences differing from those of the cacao sublineages), various exotic hosts may 
be seriously affected. This could explain much of the observed variation in hosts of 
C. fimbriata in various regions (7). For instance, mango is known as a host only in 
the Mata Atlantica of Brazil, Gmelina only near the mouth of the Amazon, and coffee 
only in Central America and northwestern South America. This study shows that 
these hosts are attacked by different, apparently local genotypes of the fungus. 
Some local genotypes of C. fimbriata may have been moved to other regions 
by humans. C. fimbriata was originally described in 1890 on sweet potato in New 
Jersey (17). The sweet potato pathogen may be native to the eastern and 
southeastern USA, but it is also well known in Asia, New Zealand, and Papua New 
Guinea (7,18). The ITS sequences of isolates from these locations are identical to 
those from the eastern USA, and we suspect that the sweet potato fungus was 
moved to these locations on infected storage roots. Platanus is known as a host 
only in the USA and now southern Europe, where Platanus is the only known host of 
C. fimbriata. C. fimbriata does not appear to be native to Europe (7) but the 
Platanus pathogen may have been introduced there on crating material made from 
diseased trees (35). Until recently, cacao was confirmed as a host of C. fimbriata 
only in Central America, the Caribbean, and northwestern South America. Although 
C. fimbriata has been known on the Atlantic Coast of Brazil for many decades on 
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mango, the disease in cacao was recognized there only since 1997 (6), presumably 
introduced there in infected cacao cuttings (18). Cacao isolate C940 was collected 
in Costa Rica but was similar to Ecuadorian isolates in ITS sequence; it may 
represent an introduction of an Ecuadorian strain into Costa Rica. Genotypes of C. 
fimbriata have been recently found in Eucalyptus plantations in Africa, perhaps 
introduced from South America (41), and the ITS sequences of the African isolates 
are similar to those of Eucalyptus isolates from Brazil (Harrington and Baker, 
unpublished). 
Host specialization appears to be a major factor defining other groups of 
closely related, morphologically indistinguishable species of Ceratocystis (20). It is 
likely that several of the lineages of C. fimbriata that have adapted to American 
hosts represent distinct species or populations in the process of speciation. 
Recognition of these unique populations as species would facilitate disease 
management and the development of more effective quarantine measures to 
minimize the risk of introducing specialized forms of the pathogen to new regions. 
Further work will focus on intersterility barriers and phylogenetic divergence among 
these putative species. 
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TABLE 1. Origin and rDNA-ITS accession numbers of Ceratocystis fimbriata isolates 
used in phylogenetic analysis and inoculation experiments. 
Other GenBank Inoculation 
Isolate number3 accession no. Host plant Location collected experiment6 
C940 CBS 152.62 AY157951 cacao Costa Rica GC3 
C1547 cacao Costa Rica GC3, GCC, CRC 
C1548 AY157952 cacao Costa Rica GC3, GC5, GCC, 
CR3, CRC 
C1549 cacao Costa Rica CRC 
C1550 cacao Costa Rica CRC 
C1634 cacao Costa Rica CR3, CRC 
C1635 cacao Costa Rica CRC 
C1636 cacao Costa Rica CRC 
C1637 cacao Costa Rica CRC 
C1638 cacao Costa Rica CRC 
C1639 cacao Costa Rica CR3, CRC 
C1640 cacao Costa Rica CR3, CRC 
C1642 Herrania sp. Costa Rica CRC 
C1778 Herrania sp. Costa Rica 
C1587 AY157953 cacao Brazil GCC, Br 
C1593 cacao Brazil GCC, Br 
C1596 cacao Brazil 
C1597 cacao Brazil Br 
C1600 cacao Brazil 
C1004 CBS 153.62 AY157950 cacao Ecuador GCC 
C1690 cacao Ecuador GCC 
a ATCC = American Type Culture Collection; CBS = Centraalbureau voor Schimmelcultures; DAR 
= Orange Agricultural Institute, New South Wales, Australia; ICMP = Landcare Research New 
Zealand; IFO - Institute for Fermentation, Osaka, Japan 
bGC3 = three-host growth chamber experiment; GC5 = five-host growth chamber experiment; 
GCC = cacao growth chamber experiment; Br = Brazilian experiment; CR3 = three-host Costa 
Rican experiment; CRC = Costa Rican cacao experiment 
c Isolate C1603 was obtained from a dead cassava stem, but was not pathogenic to cassava in 
inoculation experiments. 
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TABLE 1 (continued) 
Other GenBank Inoculation 
Isolate number3 accession no. Host plant Location collected exper 
C1691 cacao Ecuador 
01695 cacao Ecuador 
01696 cacao Ecuador GCC 
01751 cacao Ecuador GCC 
01756 cacao Ecuador 
01833 cacao Ecuador 
01834 cacao Ecuador GCC 
01831 cacao Ecuador GCC 
01832 cacao Ecuador GCC 
01835 cacao Ecuador 
01836 cacao Ecuador GCC 
01584 AY157954 cacao Trinidad GCC 
01750 AY157955 cacao Colombia GCC 
01354 sweet potato Japan GC3 
01390 IFO 30501 sweet potato Japan 
01869 sweet potato Japan 
0854 sweet potato Louisiana, USA 
0926 CBS 141.37 sweet potato New Jersey, USA 
01418 AY157956 sweet potato North Carolina,USA GC3, 
01484 ATCC 13323 sweet potato Maryland, USA 
01475 ICMP 1731 sweet potato New Zealand 
01476 ICMP8579 AY 157957 sweet potato Papua New Guinea GC3 
01932 DAR 58857 sweet potato Papua New Guinea 
0858 sycamore California, USA 
0859 sycamore California, USA 
01818 sycamore California, USA 
01819 sycamore California, USA 
01820 sycamore California, USA 
01830 sycamore California, USA 
0809 sycamore Italy 
0812 sycamore Italy 
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TABLE 1 (continued) 
Other GenBank Inoculation 
Isolate number3 accession no. Host plant Location collected experiment13 
C1351 sycamore Kentucky, USA GC3 
C1317 AY157958 sycamore North Carolina,USA GC3, GC5 
C1339 sycamore Virginia, USA GC3 
C1543 AY157961 coffee Colombia GC5 
C1490 coffee Costa Rica CR3 
C1491 coffee Costa Rica CR3 
C1493 coffee Costa Rica CR3 
C1551 AY157962 coffee Costa Rica GC5, CR3 
C1005 CBS 103.40 AY157960 coffee Guatemala GC5 
C996 CBS 146.53 AY157959 coffee Suriname GC5 
C1641 AY157963 Xanthosoma 
sp. 
Costa Rica GC5, CR3 
C994 CBS 600.70 AY157964 mango Sâo Paulo state, 
Brazil 
GC5, Br 
C1558 AY157965 mango Rio de Janeiro 
state, Brazil 
GC5, Br 
C1591 mango Rio de Janeiro 
state, Brazil 
Br 
C1592 Annona sp. Rio de Janeiro 
state, Brazil 
Br 
C1603 cassava0 Rio de Janeiro 
state, Brazil 
Br 
C1345 AY157966 Eucalyptus Bahia state, Brazil GC5, Br 
C1442 Eucalyptus Bahia state, Brazil GC5, Br 
C1451 Eucalyptus Bahia state, Brazil Br 
C925 AY157967 Gmelina Para, Brazil GC5, Br 
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TABLE 2. Analysis of variance of the linear extent in xylem discoloration in cacao, 
sweet potato, and sycamore plants inoculated with C. fimbriata isolates from those 
hosts. 
Source df Type III SS F value P 
host 2 33.6532 13.55 <0.0001 
source of inoculum 2 17.6247 7.10 0.0010 
host X source of inoculum 4 775.7112 156.19 <0.0001 
experiment 1 0.8588 0.69 0.4063 
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TABLE 3. Percent mortality, average growth in height of surviving plants 45 days 
after inoculation, and percent successful reisolation of isolates from the three hosts. 
No. of Average height 
Inoculated Source of inoculated Percent growth of Percent 
host inoculum plants mortality3 survivors (cm)a reisolated3 
cacao cacao 30 93.3 a 1.0 73.3 a 
sweet potato 30 0 b 1.3 0 b 
sycamore 30 0 b 1.5 3.3 b 
control 10 0 b 1.4 0 b 
sweet potato cacao 30 0 a 80.0 a 13.3 a 
sweet potato 30 16.7 a 44.8 b 6.7 a 
sycamore 30 0 a 89.4 a 0 a 
control 10 0 a 83.0 a 0 a 
sycamore cacao 33 3.0 b 23.8 66.7 b 
sweet potato 33 0 b 23.9 10.0 c 
sycamore 33 69.7 a 21.0 97.0 a 
control 11 0 b 25.0 0 c 
^Numbers in a column with the same letter within a host plant group are not 
significantly different by a Duncan's Multiple Range test (average growth; mean 
square error = 2298; P < 0.05) or by chi-square tests (percent mortality and percent 
reisolated, Bonferroni adjusted a = 0.0083). All statistics were performed separately 
for each host plant with three isolates for each source of inoculum and 10 or 11 
replicates per isolate. An initial ANOVA did not indicate significant differences in 
height growth among cacao or sycamore plants. 
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TABLE 4. Mean xylem discoloration (cm) caused by Ceratocystis fimbriata isolates 
inoculated into five host plants in a growth chamber. 
Isolate Source of isolate Sweet potato3 Sycamore Coffee Colocasia Mango 
C1548 cacao, Costa Rica 0.4 b 1.4 be 1.0 def 0.6 b NTb 
C1418 sweet potato, 4.3 a 0.7 cd 1.2 cdef 0.4 b 1.0 b 
North Carolina 
C1317 sycamore, North 0.4 b 5.5 a 1.1 def 0.6 b NT 
Carolina 
C1641 Xanthosoma, 0.4 b 0.7 cd 0.9 f 3.5 a NT 
Costa Rica 
C1543 coffee, Colombia 0.9 b 0.8 cd 1.8 b 0.4 b NT 
C1551 coffee, Costa Rica 0.5 b 1.9 b 3.8 a 0.4 b 0.7 b 
C1005 coffee, Guatemala 0.4 b 0.7 cd 0.9 ef 0.3 b NT 
C996 coffee, Surinam 0.5 b 1.0 cd 1.3 cdef 0.5 b NT 
C994 mango, Brazil 0.4 b 2.0 b 1.5 be 0.3 b NT 
C1558 mango, Brazil 0.4 b 0.9 cd 1.3 cdef 1.0 b 11.6 a 
C1345 Eucalyptus, Brazil 0.3 b 1.0 cd 1.4 bed 0.8 b NT 
C1442 Eucalyptus, Brazil 0.3 b 1.0 cd 1.4 bed 0.6 b NT 
C925 Gmelina, Brazil 0.6 b 1.0 cd 1.3 cde 0.4 b NT 
control 0.5 b 0.5 d 0.3 g 0.3 b 0.4 b 
3 Means are of five plants per isolate for sweet potato, sycamore, and mango, and 
ten plants (two experiments of five replicates each) for coffee and Colocasia. Means 
within a column with identical letters are not significantly different by a Duncan's 
Multiple Range test (mean square error = 0.25 for sweet potato, 0.34 for sycamore, 
0.19 for coffee, 1.11 for Colocasia, and 7.37 for mango; P< 0.05). Each plant host 
was analyzed separately. 
b NT = not tested 
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TABLE 5. Percent mortality and xylem discoloration in cacao plants inoculated with 
C. fimbriata cacao isolates in two growth chamber experiments. 
Country of Exp. 1 Exp. 2 
Isolate origin ITS lineage Mort3 XDb Mort XD 
C1690 Ecuador cacao--Ecuador 100 6.4 a 100 9.9 ab 
C1547 Costa Rica cacao— -Costa Rica 80 6.3 a 60 8.6 abc 
C1587 Brazil cacao--Costa Rica 100 6.3 a 100 10.9 a 
C1593 Brazil cacao— -Costa Rica 100 5.6 a 100 10.7 a 
C1548 Costa Rica cacao--Costa Rica 100 5.4 a 80 9.4 abc 
C1751 Ecuador cacao— -Ecuador 100 5.1 a 100 7.4 c 
C1834 Ecuador cacao--Ecuador 80 4.6 a 100 7.6 be 
C1004 Ecuador cacao— -Ecuador 0 1.6 b 0 1.0 d 
C1750 Colombia other 0 1.4 b 0 1.1 d 
C1584 Trinidad other 0 1.2 b 0 1.3 d 
<M C
O oo O
 Ecuador other 0 1.1 b 0 1.6 d 
C1831 Ecuador other 0 1.1 b 0 1.0 d 
C1696 Ecuador other 0 1.1 b 0 1.1 d 
C1836 Ecuador other 0 1.0 b 0 1.1 d 
control 0 1.1 b 0 0.7 d 
a Mort = percent mortality 
bXD = xylem discoloration, in cm. Means are of 5 plants for each isolate in each 
experiment, except for C1750 and C1696, which are of 4 plants each in exp.1 and 6 
plants each in exp. 2. Means with the same letter are not significantly different by a 
Duncan's Multiple Range test (exp. 1 mean square error = 2.03; P< 0.05; exp. 2 
mean square error = 2.88; P< 0.05). 
TABLE 6. Mean xylem discoloration caused by Brazilian isolates of Ceratocystis fimbriata in inoculated cacao, mango, 
Eucalyptus, Crotalaria, and Gmelina seedlings in Brazil. 
Cacao Mango Eucalyptus Crotalaria Gmelina 
Source of exp 1a exp 2 exp 1 exp 2 exp 1 exp 2 exp 1 exp 2 exp 2 
Isolate isolate Nb XDC N XD N XD N XD N XD N XD N XD N XD N XD 
C1587 cacao 8 11.0a 0(10) - 3 0.9 c 10 2.0 cd 8 0.8 c 10 2.1 bede 26 9.8 de 13(4) 29.9 def 5 0.9 b 
C1593 cacao 8 10.4 a 0(10) - 3 0.7 c 10 2.8 cd 7 0.9 c 10 1.1 cde 26 11.5 de 18(1) 17.1 fg 5 0.4 b 
C1597 cacao 8 8.0 b 0(10) - 3 3.2 be 10 2.0 cd 8 0.5 c 10 1.4 bede 26 13.5 d 18(1) 24.4 ef 5 0.4 b 
C1345 Eucalyptus 8 0.4 c 10 0.5 be 3 5.1 be 10 5.4 be 7 6.4 b 10 4.0 a 27 22.2 e 14(3) 37.2 cde 5 0.5 b 
C1442 Eucalyptus 7 0.6 c 9 0.7 b 3 2.1 c 10 4.2 cd 8 9.1 a 10 4.3 a 27 20.8 c 12(5) 56.6 ab 5 0.9 b 
C1451 Eucalyptus 8 0.5 c -d - 3 3.1 be - - 7 0.9 c - - 25 5.3 ef - - - -
C1592 Annona 6 0.5 c 10 0.8 b 3 8.7 ab 10 15.6 a 5 1.2c 10 0.9 de 25 30.4 ab 6(13) 58.1 ab 5 0.5 b 
C994 mango 9 0.5 c 10 0.6 be 3 4.6 be 10 8.8 b 8 0.6 c 10 1.3 bede 24 23.9 bc 10(5) 42.0 bede 5 0.8 b 
C1558 mango 8 0.6 c 10 0.4 c 3 8.5 ab 10 16.3 a 7 0.8 c 10 1.0 de 25 22.7 e 9(8) 50.6 bc 5 0.7 b 
C1591 mango 8 0.6 c 10 0.6 be 2 13.6 a 10 13.4 a 9 1.3 c 10 2.8 abc 26 30.3 ab 16(8) 29.3 def 5 0.8 b 
C1603 cassava 7 0.4 c 10 0.5 be 3 9.2 ab 10 15.2 a 8 0.8 c 10 2.6 abed 23 35.9 a 7(11) 44.9 bed 5 0.6 b 
C925 Gmelina 8 1.3 c 9(1) 1.4 a 3 8.3 ab 10 2.5 cd 8 0.7 c 10 2.9 ab 26 37.2 a 6(12) 71.8 a 5 8.1 a 
control 7 0.6 c 10 0.6 be 2 0.6 c 10 0.3 d 8 0.4 c 10 0.5 e 27 2.6 f 15 6.8 g 4 0.6 b 
mean square error 3.07 0.056 9.81 22.66 4.82 2.90 145.92 365.23 4.03 
a Experiment 1 lasted 22-23 days and Experiment 2 lasted 32-34 days. 
bN = number of surviving plants used in the analysis; numbers of plants that died during experiment 2 and from which 
discoloration data could not be obtained are given in parentheses. 
c XD = xylem discoloration, in cm; means are from all surviving plants. Means within a column with identical letters are 
not significantly different by a Duncan's Multiple Range test (P< 0.05); each plant host in each experiment was 
analyzed separately. 
d Isolate C1451 was not used in experiment 2 because it appeared debilitated in experiment 1. 
67 
TABLE 7. Percent mortality and mean xylem discoloration (cm) 
caused by Costa Rican isolates of Ceratocystis fimbriata in 
inoculated cacao, coffee, and Xanthosoma plants in Costa Rica. 
Source of Cacao Coffee Xanthosoma 
Isolate isolate Mort3 XDb Mort XD Mort XD 
C1640 cacao 60 6.0 a 0 0.0 d 0 0.7 b 
C1639 cacao 80 4.7 b 0 0.0 d 11 0.7 b 
C1548 cacao 70 4.3 be 0 0.0 d 0 0.7 b 
C1634 cacao 60 3.4 c 0 0.0 d 0 0.7 b 
C1490 coffee 0 0.8 d 0 1.4 a 0 0.7 b 
C1491 coffee 0 0.8 d 0 1.0 bc 0 0.6 b 
C1493 coffee 0 0.8 d 0 0.7 c 0 0.6 b 
C1551 coffee 0 0.7 d 0 1.3 ab 0 0.6 b 
C1641 Xanthosoma 0 0.8 d 0 0.0 d 100 10.8 a 
control 0 0.6 d 0 0.0 d 0 0.5 b 
3 Mort = percent mortality of cacao or coffee plants or inoculated 
pseudopetiole/leaf of Xanthosoma 
bXD = xylem discoloration, in cm. Means are of 10 plants per 
isolate for most isolates (9 per isolate for isolates C1639 and 
C1640 in both coffee and Xanthosoma). Means within a column 
with identical letters are not significantly different by a Duncan's 
Multiple Range test (mean square error = 1.47 for cacao, 0.12 for 
coffee, and 4.79 for Xanthosoma; P< 0.05); each plant host was 
analyzed separately. 
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TABLE 8. Percent mortality and mean xylem discoloration (in 
cm) and percent mortality of cacao seedlings inoculated with 
Costa Rican cacao isolates. 
Isolate Percent mortality Length of discoloration 
C1638 100 5.9 a 
C1634 30 4.7 ab 
C1549 70 4.7 ab 
C1548 90 4.5 ab 
C1639 50 4.5 ab 
C1550 50 4.4 ab 
C1640 70 4.3 ab 
C1635 90 4.2 ab 
C1636 60 3.9 b 
C1642 80 3.7 b 
C1547 60 3.2 b 
C1637 30 3.1 b 
control 0 0.7 c 
aMeans (of 10 plants) with identical letters are not significantly different by 
a Duncan s Multiple Range test (mean square error = 3.30; P t 0.05). 
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Fig. 1. Strict consensus of the 923 most parsimonious trees from a heuristic search 
using rDNA-ITS sequences from C. fimbriata isolates of the Latin American clade. 
The trees are based on 586 characters, including gaps, 52 of which were parsimony-
informative. C. albofundus was used to root the tree. Bootstrap values greater than 
50 are shown above the branches. 
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Fig. 2. Average length (cm) of xylem discoloration caused by nine C. fimbriata 
isolates 45 days after inoculation into cacao, sweet potato, and sycamore plants. 
Data are means of all replicates (10 for sweet potato and cacao plants, 11 for 
sycamore plants) from two experiments; error bars represent standard deviation. 
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CHAPTER 3. INTERSTERILITY, MORPHOLOGY, AND TAXONOMY 
OF CERATOCYSTIS FIMBRIATA ON SWEET POTATO, CACAO, 
AND SYCAMORE 
A paper submitted to Mycologia 
Christine J. Baker Engelbrecht and Thomas C. Harrington 
Abstract: Ceratocystis fimbriata is a large, diverse complex of species that cause 
wilt-type diseases of many economically important plants. Previous studies have 
shown that isolates in three monophyletic lineages within the Latin American clade 
of C. fimbriata are host-specialized to cacao (Theobroma cacao), sweet potato 
(Ipomoea batatas), and sycamore (Platanus spp.), respectively. We paired testers 
of opposite mating type from isolates from these lineages to find intersterility groups. 
Two intersterility groups corresponded to the sweet potato and sycamore lineages, 
respectively. The cacao lineage contained two intersterility groups, corresponding to 
two genetic sublineages centered in western Ecuador and Brazil/Costa 
Rica/Colombia. Six isolates from cacao that were not members of the cacao lineage 
and were not pathogenic to cacao in an earlier study also were intersterile with 
members of the two cacao intersterility groups. Some pairings between testers from 
different lineages or sublineages yielded perithecia from which a few, abnormal 
progeny could be recovered, typical of interspecific hybrids. These progeny showed 
abnormal segregation of the A/M7-2 gene and mycelial morphology, showing that 
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they were indeed the result of crosses. Isolates of the sweet potato, cacao, and 
sycamore lineages were morphologically indistinguishable except for the presence 
or absence of a doliform (barrel-shaped) conidial state and minor differences in size 
of perithecial bases and necks and ascospores. C. fimbriata was originally 
described from sweet potato. We describe the cacao pathogen as a new species, 
Ceratocystis cacaofunesta, and we raise the sycamore pathogen from a form to 
species, Ceratocystis platani. 
Key Words: partial interfertility, hybridization, biological species 
INTRODUCTION 
Ceratocystis fimbriata is a fungal plant pathogen that attacks a wide variety of 
temperate and tropical plants. Substantial genetic variation and a wide host range 
(CABI 2001) suggest that C. fimbriata contains several undescribed, cryptic species 
(Baker et al 2003). Phylogenetic analyses of rDNA-ITS and MAT-2 mating type 
gene sequences reveal three geographic clades within C. fimbriata, centered in 
Asia, North America, and Latin America, respectively (Harrington 2000). Within 
each geographic clade are several host-associated lineages. Within the Latin 
American clade, isolates from cacao (Theobroma cacao), sweet potato (Ipomoea 
batatas), and sycamore (Piatanus spp.) form three monophyletic lineages based on 
ITS sequence (Baker et al 2003), they differ markedly in microsatellite alleles 
(Steimel et al. 2004), and isolates in these lineages are strongly specialized to their 
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respective hosts (Baker et al 2003). Host specialization may be the key factor 
driving speciation. 
We employ a species concept that defines species as ".. .the smallest 
aggregation of populations with a common lineage that share unique, diagnosable 
phenotypic characters" (Harrington and Rizzo 1999). Intersterility may be a 
phenotypic character that can help to identify biological species; perhaps more 
important, it helps to identify barriers to gene flow between species, which may thus 
identify distinct lineages. In addition to morphology, host specialization may be used 
as a diagnostic species character. 
The aim of this study was to determine intersterility groups of representative 
C. fimbriata isolates from the sweet potato, cacao, and sycamore lineages. 
Existence of reproductive barriers between these host-specialized lineages would 
support the hypothesis that these closely related lineages were distinct species. 
Furthermore, morphological characters were compared, and two new species were 
recognized. 
MATERIALS AND METHODS 
Fungal isolates.—Isolates of C. fimbriata were obtained from cacao (or the closely-
related Herrania sp.) or sycamore trees showing wilt symptoms, from decaying 
sweet potato storage roots, and from culture collections (TABLE I). All isolates are 
maintained in the culture collection of the junior author. 
Intersterility experiments.—Most field isolates of C. fimbriata possess both 
idiomorphs (MAT-1 and MAT-2) at the mating-type locus and are self-fertile due to 
unidirectional mating-type switching (Harrington and McNew 1997; Webster and 
Butler 1967b) through deletion of the MAT-2 idiomorph (Witthuhn et al 2000b). 
Selfings of C. fimbriata typically produce both self-sterile (MAT-1) and self-fertile 
(MAT-2) progeny. For determining mating compatibility, MAT-1 and MAT-2 tester 
strains of several isolates were obtained from single ascospores produced by 
selfings as described in Harrington and McNew (1997). Ascospore masses were 
dissolved in a drop of Isopar M (a light sulfur oil, Exxon Corp.), which separates the 
spores, and the dispersed spores were streaked onto malt yeast extract agar 
(MYEA; 2% agar, 2% malt extract, 0.2% yeast extract). Young colonies from single 
ascospores were then transferred to fresh plates after ascospore germination. The 
MAT-1 strains were named by adding a "-ss" (self-sterile) suffix to the isolate 
number. Since most MAT-2 strains are self-fertile and therefore difficult to use in 
pairing studies, single-ascospore, MAT-2 progeny were repeatedly transferred to 
new plates and observed for self-sterile, mutant sectors. Generally, these mutant 
sectors lacked protoperithecia and could not, therefore, self or serve as females in 
crosses. Mutant MAT-2 sectors were named by adding a "-sec" (sector) suffix to the 
isolate number. 
To confirm that these MAT-2 testers retained the MAT-2 gene, genomic DNA 
was extracted using the methods of DeScenzo and Harrington (1994), and PGR was 
used to amplify a portion of the MAT-2 gene. We used the primers CFM2-1 (5'-
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GCTACATTTTGTATCGCAAAGAC-3') and CFM2-2 (5'-
TAGTGGGGATATGTCAACATG-3'), which amplify a portion of the high mobility 
group (HMG) box of the MAT-2 gene of this species (Witthuhn et al 2000b). The 
PGR reactions had a total volume of 100 gL, containing 2.5 units Taq DNA 
polymerase (Promega Inc., Madison, Wisconsin), 1X PGR reaction buffer, 4 mM 
MgCI2, 200 |iM DNTPs, 5% (V/V) DMSO, and 0.25 jiM of each primer. PGR cycling 
conditions were an initial denaturation at 94 C for 95 s followed by 35 cycles of 
denaturation (94 C) for 35 s, annealing at 58 C for 60 s, and extension at 72 C for 60 
s. Final extension was at 72 C for 15 min. Several mutant sectors did not retain the 
MAT-2 gene (there was apparently a spontaneous loss of the MAT-2 idiomorph), but 
those that did retain the MAT-2 idiomorph were used in pairings. We obtained MAT-
2 tester strains from two sweet potato, three sycamore, and five cacao isolates; 
MAT-1 strains were obtained from three sweet potato isolates, three sycamore 
isolates, and 23 cacao isolates. 
Procedures for intersterility tests were similar to those of Harrington and 
McNew (1998). Tester strains were grown on MYEA at room temperature (about 
22-24 C). Seven days after transfer, each spermatizing plate was flooded with 10 
mL of sterile deionized water, the mycelium was scraped, and 1 ml_ of the resulting 
spore/mycelium suspension was applied to the mycelium on the recipient plate. All 
tester strains were used as both spermatizers and recipients, and all possible 
pairings of strains were performed at least twice using freshly grown cultures. 
Spermatized plates were incubated at room temperature and checked periodically 
(up to 30 days) for production of perithecia and ascospores. Ascospores and 
ascospore masses were observed under 40X magnification, and ascospores were 
streaked on MYEA plates and incubated at room temperature to assess viability. 
A second pairing experiment compared intersterility among several cacao 
isolates, including some cacao isolates that did not fall within either cacao pathogen 
sublineage and that were not pathogenic to cacao (Baker et al 2003). Five MAT-2 
mutant strains were obtained from self-fertile cacao isolates as above. Field isolate 
C1004 from Ecuador was not self-fertile, but it contained the MAT-2 gene and 
functioned as a MAT-2 in test pairings, so a single-conidium strain of this isolate was 
obtained and named C1004-sec1. These six MAT-2 tester strains were paired 
against 23 MAT-1 strains and against themselves using the methods described 
above. Analysis of mitochondrial DNA fingerprints of progeny from some of the 
earlier crosses using the methods of Wingfield et al (1996b) showed that even when 
a MAT-1 tester was used as the spermatizing strain, the MAT-1 strain was always 
the female in crosses, so reciprocal pairings were not performed in the later cacao 
pairings. 
Progeny analysis.—Single-ascospore progeny from representative crosses were 
collected using the methods described above. Progeny sets were isolated from a 
single perithecium when possible (within-lineage pairings), but pairings between host 
groups and between the two cacao sublineages yielded so few viable progeny that 
ascospores from several perithecia were combined to obtain sufficient numbers for 
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analyses. We observed mycelial morphology on MYEA of all progeny and 
compared them to the parents to determine parental and nonparental morphotypes. 
Genomic DNA was extracted from progeny using the methods of DeScenzo and 
Harrington (1994) and tested for the presence of the MAT-2 gene as described 
above. 
Morphological studies.—Cultures were grown concurrently at room temperature 
(about 22-24 C) on MYEA. Three sweet potato and three sycamore isolates were 
included in the morphological study, as were the following cacao isolates: C1547, 
C1548, C1638 (Costa Rica population); C1587, C1593, C1597 (Bahia, Brazil 
population); C940, C1690, C1691, C1695, C1751, C1833, C1834, C1835 (Ecuador 
population); C1935, C1936, C1937, C1947 (Colombia population); and C1983, 
C1984, and C2031 (Rondônia, Brazil population). Spores and mycelium were 
stained in lactophenol on microscope slides and observed using an Olympus BHS 
compound microscope (Olympus America Inc., Melville, NY). The microscope was 
connected to a Kodak Digital Science DC120 Zoom Digital Camera, and OpenLab 
2.2.5 imaging software (Improvision Ltd., Coventry, England) was used to take 
measurements. Dimensions of ascospores, endoconidia, and aleurioconidia were 
measured using the 40X objective lens, while dimensions of conidiophores were 
measured using the 20X objective lens. Since perithecia are too large to be 
measured easily by this method, perithecia measurements were taken at 250X 
magnification using an ocular micrometer. Measurements were taken from ten 
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representative spores or structures of each isolate. Analysis of variance was used 
to compare variation in morphological measurements among populations and 
among isolates within populations. In instances where there was significant (P < 
0.05) variation among populations, Duncan's multiple range test was used to 
compare means. All statistics were performed using SAS version 8.2 statistical 
software (SAS Institute, Cary, NC). 
RESULTS 
Intersterility.—Most pairings between sweet potato testers of opposite mating type 
and between sycamore testers of opposite mating type resulted in abundant 
perithecia within two weeks; ascospore masses were large, viscous, and opaque, 
and ascospore production and viability were similar to those of a selfing (TABLE II). 
Ascospores from these crosses appeared normal under high magnification (FIG.1-2). 
Most pairings between testers from different host groups resulted in few or no 
perithecia or perithecia without ascospore masses. Some pairings between testers 
from different host groups resulted in production of a few perithecia with ascospore 
masses that were transparent or milky in appearance. There were few ascospores 
in these masses, and many of the ascospores appeared empty of cytoplasm or were 
misshapen when viewed microscopically (FIG. 3). If ascospore progeny were 
recovered, the colonies were generally abnormal, fluffy (abundant aerial mycelium) 
and showed restricted growth. Such progeny are typical of interspecific 
hybridizations in other Ceratocystis species (Harrington and McNew 1998). 
Several pairings between MAT-2 testers and between MAT-1 and MAT-2 
testers resulted in formation of perithecia without viable ascospores (TABLE II). 
Pairings between MAT-1 testers produced no perithecia. One pairing between two 
MAT-2 testers (C1351-sec 1 X C1317-sec1) yielded perithecia and ascospores 
typical of an interspecific hybridization. Several pairings of C1587-sec2 with other 
MAT-2 testers yielded perithecia without necks, and the recovered progeny 
resembled C1587-sec2 morphologically, indicating that the ascospores were from 
induced selfings. This was the only MAT-2 tester found to self in that experiment, 
although C1642-sec1 also selfed in the later cacao crosses. 
Some pairings between cacao testers were interfertile, while others appeared 
to be interspecific hybridizations (TABLE II). Because cacao isolates were not 
consistently interfertile with each other, we performed a second pairing study using 
only cacao testers. There are two genetic sublineages within the cacao lineage, one 
centered in Ecuador and the other containing isolates from Brazil, Costa Rica, and 
Colombia (Baker et al 2003). A Brazilian MAT-2 tester, C1587-sec2, and a Costa 
Rican tester, C1642-sec1, were interfertile with most Brazilian, Colombian, and 
Costa Rican MAT-1 testers (TABLE III). The Ecuadorian MAT-2 testers (C1004-sec1, 
C1691-sec1, and C1834-sec1) and C940-sec5 were interfertile with most of the 
cacao testers from Ecuador. Isolate C940 was purportedly collected from Costa 
Rica but is genetically similar to the Ecuadorian isolates (Baker et al 2003). Pairings 
between testers of the Ecuadorian and the other cacao lineage resulted in no 
perithecia or the perithecia and ascospores produced appeared to be from induced 
selfings. Six cacao isolates that did not fall within the cacao lineage and were not 
pathogenic to cacao (Baker et al 2003) were not interfertile with testers of either 
cacao group. Some pairings between testers of the two cacao lineages resulted in a 
few perithecia with few ascospores. Surprisingly, it was especially difficult to obtain 
hybrid progeny from pairings between testers of the two cacao sublineages despite 
repeated attempts. Viable progeny from a hybridization between C940-ss and 
C1587-sec2 were obtained after several attempts. 
Progeny analysis.—Mycelial morphology of recovered progeny was compared with 
that of the parents to determine if there had been a cross, that is, if the morphology 
of both parents could be found among the progeny (TABLE IV). Based on these 
observations, a pairing between C940-ss and C1354-sec1 was apparently an 
induced selfing of C940-ss, but progeny from the other pairings showed segregation 
of male-parental, female-parental, and nonparental morphotypes, indicating that 
crossing had occurred. Some pairings produced progeny with no nonparental 
phenotypes, while others had high proportions of nonparental types. 
The MAT-2 gene tended to have a skewed segregation among progeny, but 
not consistently in one direction (TABLE IV). The progeny from the sweet potato X 
sweet potato and sycamore X sycamore pairings were mostly MAT-2. Progeny from 
between-group pairings had abnormal distribution of parental and nonparental 
mycelial types, and there were generally more MAT-1 (the genotype of the female 
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parent) than MAT-2 progeny. This was also the case for the progeny from a cacao 
X cacao pairing (C1548-ss X C1587-sec2). 
Morphology study.—There was no diagnostic difference among isolates from 
different populations for most of the characters examined, although significant 
differences (P< 0.05) existed between the different groups of isolates in several 
measurements of perithecia and ascospores (TABLE V). The ANOVAs indicated that 
ascospore length (F= 13.21, P< 0.0001), width (F= 14.40, P< 0.0001), and height 
(F= 5.07, P< 0.0001), perithecial base width (F= 9.98, P< 0.0001) and height (F= 
17.14, P< 0.0001), and neck length (F= 58.11, P< 0.0001) differed significantly 
among the isolates from sweet potato, sycamore, and the five populations from 
cacao. Isolates from the Ecuadorian cacao sublineage tended to have longer 
ascospores and average perithecia neck lengths longer and more variable than the 
other cacao isolates. Sycamore isolates had significantly wider perithecial bases 
and narrower ascospores than did isolates from the other groups. 
Sycamore isolates produced abundant doliform (barrel-shaped) conidia from 
wide-mouthed phialides, and narrower, cylindrical endoconidia from tapered 
phialides. Sweet potato isolates produced only the narrower, cylindrical endoconidia 
from tapered phialides. Few or no doliform conidia were observed in isolates of the 
two cacao sublineages. 
Because they each form distinct genetic lineages, have unique host ranges, 
and are intersterile with C. fimbriata from sweet potato, we here describe the cacao 
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pathogen as a new species, and we elevate the sycamore pathogen, Ceratocystis 
fimbriata f. piatani, to the level of species. The type of C. fimbriata was obtained 
from sweet potato, so the sweet potato pathogen remains C. fimbriata sensu stricto. 
TAXONOMY 
Ceratocystis fimbriata sensu stricto Ellis et Halsted, Journal of Mycology 7:1, 1891. 
FIGS. 1-2 
Description. Perithecia superficial or embedded in the substrate, bases dark 
brown to black, globose, 110-250 gm wide, 120-250 gm tall. Necks dark brown to 
black, straight, 440-770 gm long, 28-40 gm wide at the base and 16-24 gm wide at 
the tip. Ostioiar hyphae divergent, light brown to hyaline, non-septate, smooth-
walled, 20-120 gm long. Asci not seen. Ascospores hyaline, one-celled, galeate, 
5.0-7.5 gm long X 3.5-5.0 gm wide, 3.0-4.5 gm tall, spores accumulating in a cream 
colored mass at the tip of the neck. 
Endoconidiophores arising laterally from vegetative hyphae, scattered or 
arising in clusters, 1-8 septate, 55-120 gm long, 3.0-8.0 gm wide at the base. 
Phialides lageniform, 27-60 gm long, 4.0-8.5 gm wide at the middle, 3.0-6.0 gm wide 
at the tip, hyaline to pale brown. Endoconidia unicellular, hyaline to light brown, 
smooth, cylindrical with flattened ends, straight, biguttulate, 9-33 X 3.0-5.0 gm, 
borne in chains of variable length; doliform endoconidia absent. 
Aleurioconidiophores arising laterally from the mycelium, with 0-5 septa, 9-98 X 4.5-
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6.5 gm. Aleurioconidia brown, globose to pyriform, 11-16 X 6.5-12 gm, occurring 
singly or in short chains. 
Specimen examined. USA. NEW JERSEY: Swedesboro, from Ipomoea 
batatas, 12 April 1891, col. B. D. Halsted (HOLOTYPE; BRI 595863). 
Cultures examined. USA. NORTH CAROLINA: Harrelsville, from Ipomoea 
batatas, December 1998, col. M. Cubeta (C1418); JAPAN. KOGOSHIMA PREF.: 
Chiran-machi, from Ipomoea batatas, September 1998, col. V. Kajitani (C1354); 
PAPUA NEW GUINEA. KOMEA: Upper Mendi, from Ipomoea batatas, March 1984, 
col. E.H.C. McKenzie (C1476 = ICMP 8579). 
Commentary. Ceratocystis fimbriata was originally named by Ellis and 
Halsted. The name C. fimbriata mentioned in an 1890 bulletin on sweet potato 
diseases (Halsted 1890), but a thorough mycological description of the pathogen 
was given by Halsted and Fairchild in 1891, and this was apparently intended to be 
the effective publication of the name. A specimen (BPI 595869) deposited by 
Halsted in 1890 was considered the type by Davidson (1942) and Hunt (1953). 
However, Halsted deposited another sweet potato specimen in 1891 (BPI 595863) 
and drawings from the Halsted and Fairchild (1891) description were included in the 
packet. This specimen consists of infected sweet potato shoots and includes mature 
perithecia and can serve as the holootype. It fits into the morphological description 
of C. fimbriata sensu stricto given above. 
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Ceratocystis cacaofunesta Engelbrecht et Harrington, sp. nov. FIGS. 4-9 
Differt a Ceratocystis fimbriata morbo efficient! in ligno Theobromatis cacaonis et 
raro producenti endoconidiis doliiformibus. 
Differs from Ceratocystis fimbriata in pathogenicity to Theobroma cacao and 
rare production of doliform endoconidia. 
Description: Perithecia superficial or embedded in the substrate, bases dark 
brown to black, globose, 95-305 gm wide, 100-275 gm tall. Neck dark brown to 
black, straight, 310-1010 gm long, 20-45 gm wide at the base and 12-25 gm wide at 
the tip. Ostioiar hyphae divergent, light brown to hyaline, non-septate, smooth-
walled, 30-125 gm long. Asci not seen. Ascospores hyaline, one-celled, galeate, 
4.5-6.5 gm long X 3.5-5.5 gm wide, 3.0-4.0 gm tall. Spores accumulate in a cream-
colored mass at the tip of the neck. 
Endoconidiophores arising laterally from vegetative hyphae, scattered or 
arising in clusters, 0-12 septate, 40-295 gm long including the basal cells, 2.0-8.0 
gm wide at the base. Phialides of two forms, the more common lageniform, 12-85 
gm long, 2.0-9.0 gm wide in the middle, 2.0-6.5 gm wide at the tip, hyaline to light 
brown. Cyclindrical endoconidia unicellular, hyaline to light brown, smooth, mainly 
cylindrical with flattened ends, straight, biguttulate, 8-40 X 2.5-5.0 gm, borne in 
chains of variable length. Wide-mouthed phialides rare or absent, borne near the 
base of perithecia, hyaline to light brown. Doliform endoconidia produced from wide-
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mouthed phialides, often remaining in chains, hyaline to light brown. 
Aleurioconidiophores arising laterally from the mycelium, with 0-13 septa, 5-255 X 
3.5-7.0 gm. Aleurioconidia brown, globose to pyriform, 10-20 (37) X 3.5-11.5 gm, 
occurring singly or in short chains, 
HOLOTYPE. BRAZIL. RONDÔNIA: Ouro Preto do Oeste, from diseased 
Theobroma cacao, October 2002, 7. Harrington, BPI 843740, from isolate C1983 (= 
CBS 115172). 
Etymology, the specific epithet means "cacao-killing", referring to its unique 
pathogenicity to cacao. 
Cultures examined. BRAZIL. BAH I A: Camacao, from Theobroma cacao, 
December 1999, col. 7 C. Harrington (C1587); Ubatan, from 7. cacao, December 
1999, col. T. C. Harrington (C1597); Urucuca, from T. cacao, December 1999, col. 
7. C. Harrington (C1593); RONDÔNIA: Ouro Preto do Oeste, from 7. cacao, 
October 2002, col. 7. C. Harrington (C1983 = CBS 115172 = BPI 843740); from 7. 
cacao, October 2002, col. 7. C. Harrington (C1984); from 7. cacao, October 2002, 
col. 7. C. Harrington (C2031); COLOMBIA. CALDAS: Palestina, from 7. cacao, 
June 2002, col. E. Alvarez (C1935); from 7. cacao, June 2002, col. E. Alvarez 
(C1936); from 7 cacao, June 2002, col. E. Alvarez (C1937); from 7. cacao, col. E. 
Alvarez (C1947); COSTA RICA. Atlantic side, from 7. cacao, May 1962, col. A. J. 
Hansen (C940 = CBS 152.62); La Lola Experiment Station, from 7. cacao, July 
1999, col. A. Paulin, (C1547); from 7. cacao, July 1999, col. A. Paulin (C1548 = 
CBS 114722= BPI 843730); Turrialba, from 7. cacao, March 2000, col. 7. C. 
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Harrington (C1638); ECUADOR. Pichilingue, from 7. cacao, July 2000, col. 7. C. 
Harrington (C1690); from 7. cacao, July 2000, col. 7. C. Harrington (C1691); from 7. 
cacao, July 2000, col. 7. C. Harrington (C1695 = CBS 115163 = BPI 843731); from 
7 cacao, March 2001, col. C. Suarez and C. Beiazaca (C1751); from 7 cacao, 
August 2001, col. C. Suarez and C. Beiazaca (C1833 = CBS 115169 = BPI 843736); 
from 7. cacao, August 2001, col. C. Suarez and C. Beiazaca (C1834); from 7. 
cacao, August 2001, col. C. Suarez and C. Beiazaca (C1835). 
Commentary. Two sublineages exist within this species, one centered in 
western Ecuador and the other containing isolates from Brazil, Colombia, and Costa 
Rica. Cacao is native to the upper Amazon region, including Rondônia, Brazil, the 
origin of the type specimen for C. cacaofunesta. 
The new species is distinguished from C. fimbriata sensu stricto by its 
pathogenicity to cacao and the rare production of doliform conidia from wide-
mouthed phialides, which have not been observed in C. fimbriata. Ceratocystis 
cacaofunesta can be distinguished from C. piriformis (Barnes et al 2003) by its 
globose (rather than pyriform) perithecial base. Ceratocystis cacaofuesta can be 
distinguished from C. albofundus (Wingfield et al 1996a) by its dark brown to black 
perithecial base, while that of C. albofundus is yellowish brown. 
Ceratocystis platani (Walter) Engelbrecht et Harrington comb, et stat. nov. FIGS. 10-
16 
s Endoconidiophora fimbriata (Ellis & Halsted) Davidson f. platani Walter, 
Phytopathology 42:236, 1952. 
Description: Perithecia superficial or embedded in the substrate, bases dark 
brown to black, globose, 175-290 gm wide, 175-290 gm high. Neck dark brown to 
black, straight, 535-835 gm long, 20-45 gm wide at the base and 15-35 gm wide at 
the tip. Ostiolar hyphae divergent, light brown to hyaline, non-septate, smooth-
walled, 20-90 gm long. Asci not seen. Ascospores hyaline, one-celled, galeate, 4.0-
6.5 gm long X 3.0-4.5 gm wide, 3.0-4.5 gm tall. Spores accumulate in a cream 
colored mass at the tip of the neck. 
Endoconidiophores arising laterally from vegetative hyphae, scattered or 
arising in clusters, 1-4 septate, 55-165 gm long including the basal cells, 3.5-7.5 gm 
wide at the base. Phialides of two forms, the more common lageniform, 24-90 gm 
long, 3.5-9.0 gm wide in the middle, 2.5-7.5 gm wide at the tip, hyaline to pale 
brown. Cylindrical endoconidia unicellular, hyaline to light brown, smooth, mainly 
cylindrical with flattened ends, straight, biguttulate, 11-22 X 3.0-5.0 gm, borne in 
chains of variable length. Wide-mouthed phialides common, 35-50 gm long, 4.5-5.0 
gm wide at the base, 5.5-6.5 gm wide at the tip, borne near the base of perithecia. 
Doliform endoconidia produced from wide-mouthed phialides, often remaining in 
chains, hyaline to light brown, 6.0-10.0 gm X 3.5-5.0 gm. Aleurioconidiophores 
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arising laterally from the mycelium, with 0-14 septa, 10-285 X 4.0-7.0 gm. 
Aleurioconidia brown, globose to pyriform, 10-20 X 6.0-12.0 gm, occurring singly or 
in short chains. 
HOLOTYPE: USA. WASHINGTON, D. C., from stained wood of Platanus 
occidentalis, August 1951, col. R. Day and H. Wester (BPI 595622). 
Cultures examined: USA. KENTUCKY, from Platanus occidentalis, 
September 1998, col. T. C. Harrington (C1351); NORTH CAROLINA: Janet Day 
Plantation, from Platanus occidentalis, July 1998, col. T. C. Harrington (C1317 = 
CBS 115162); VIRGINIA: Holmeville, from Platanus occidentalis, August 1998, col. 
K. Britton (C1339). 
Commentary. Ceratocystis platani can be distinguished from C. fimbriata and 
C. cacaofunesta by its pathogenicity to Platanus spp. and frequent production of 
doliform endoconidia from wide-mouthed phialides. Ceratocystis platani is 
distinguished from C. piriformis (Barnes et al 2003) by its globose (rather than 
pyriform) perithecial base. Ceratocystis platani can be distinguished from C. 
albofundus (Wingfield et al 1996a) by its dark brown to black perithecial base, while 
that of C. albofundus is yellowish brown. 
DISCUSSION 
Intersterility of cacao, sweet potato, and sycamore isolates correlates with genetic 
lineages as shown by ITS sequences (Baker et al 2003) and microsatellite markers 
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(Steimel et al 2004). Members of these intersterility groups also are highly 
specialized to their respective hosts (Baker et al. 2003). The ability of isolates of the 
three host-specialized groups to infrequently produce hybrid sexual progeny when 
paired with testers of the other groups suggests that these species are closely 
related and have probably diverged fairly recently, such that intersterility barriers are 
not complete. It is possible that a limited amount of genetic exchange may occur 
between populations of these species where they coexist, as do the sweet potato 
and sycamore pathogens in the southeast USA, although there is no evidence that 
this has occurred. 
The slight but significant morphological differences found among the sweet 
potato, sycamore, and cacao pathogens further emphasize the divergence of these 
lineages. The absence of the doliform conidial state in the sweet potato isolates and 
its rarity in the cacao isolates may be ecologically significant, but all isolates 
abundantly produce narrow endoconidia from tapered phialides. While probably not 
ecologically important, minor morphological differences may be the result of genetic 
drift of populations that are not interbreeding, either because of intersterility barriers, 
geographic separation, or occurrence on different hosts. 
The pairings within the sweet potato and sycamore groups resulted in more 
progeny with the MAT-2 gene than progeny without it (MAT-1 phenotype). This is 
consistent with results from crosses of other C. fimbriata isolates, where self-fertile 
progeny (MAT-2) are generally recovered more frequently than self-sterile progeny 
(MAT-1) from crosses or selfings of C. fimbriata (Olson 1949, Webster and Butler 
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1967b). All of the progeny from the sycamore cross were morphologically like one 
or the other parent, while many of the progeny from the sweet potato cross were 
unlike either parent. Mycelial morphology is likely a polygenic trait, and greater 
genetic differences between the two sweet potato testers may explain the high 
number of recombinant phenotypes. 
The pairing between the Costa Rican and Brazilian testers C1548-ss and 
C1587-sec2 was unusual in that the MAT-1 strain was the spermatizing strain and 
the MAT-2 strain the recipient, yet analysis of maternally-inherited mitochondrial 
DNA (Wingfield et al 1996b) showed that the MAT-1 strain served as the female, 
that is, all the progeny had the mitochondrial DNA profile of the spermatizing strain. 
In the mitochondrial DNA analyses of other pairings (data not shown), the MAT-1 
tester consistently served as the female, regardless of whether it was the recipient or 
spermatizing strain. The high proportion of MAT-1 progeny from the C1548-ss X 
C1587-sec2 cross was also unexpected. 
The difficulty in obtaining hybrid progeny from pairings between the two cacao 
sublineages is surprising. The existence of two intersterility groups in the cacao 
lineage suggests that there may have been selection for the development of 
intersterility barriers between these groups, or these two populations may have been 
separated long enough to lose interfertility by genetic drift. Cacao is probably 
indigenous to the upper Amazon region (Cheesman 1944), the center of diversity of 
this species (N'goran et al 2000), and it is probable that the Brazilian/Costa 
Rican/Colombian population of C. cacaofunesta is native to the upper Amazon. The 
Ecuadorian population may be native to Ecuador on another member of Theobroma 
or a different member of the Sterculiaceae family. Alternatively, since all our 
Ecuadorian isolates came from one experimental station (Pichilingue, near 
Quevedo), it is possible that the fungus was introduced there on cacao cuttings or 
whole plants (Baker et al 2003). Isolate C940 was purportedly collected from Costa 
Rica but grouped with the Ecuadorian isolates genetically (Baker et al 2003) and 
was interfertile with Ecuadorian testers, and it may represent an introduction of the 
Ecuadorian sublineage into Costa Rica. 
The two cacao isolate sublineages showed some differences in morphology. 
The average perithecia neck length was significantly shorter among isolates from the 
Brazil/Colombia/Costa Rica lineage than those of the Ecuador lineage. Ascospores 
of Ecuadorian isolates were also slightly longer. The two sublineages are equally 
pathogenic to cacao (Baker et al 2003), and morphological differences were trivial 
and not consistent, so the phenotypic differences are not considered sufficient at this 
time to describe the Ecuadorian sublineage as a separate species. 
Intersterility within the C. fimbriata complex has not been examined 
thoroughly before, but our results are consistent with those of earlier studies. 
Feazell and Martin (1950) paired a sweet potato isolate with a sycamore isolate and 
found that only three of 255 ascospores recovered were viable. In a cross between 
a sweet potato isolate and a rubber tree (Hevea brasiliensis) isolate from Mexico 
(Olson and Martin 1949), only two of 300 ascospores germinated. Webster and 
Butler (1967a) paired C. fimbriata isolates from several hosts and found that pairings 
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between isolates from different host groups generally yielded perithecia with few 
ascospores. They interpreted this partial interfertility as evidence that the isolates 
tested represented a single biological species. However, we suggest that the few 
progeny recovered were a result of interspecific hybridizations. Other studies 
examining intersterility between Ceratocystis species demonstrated similar 
hybridizations between closely-related species (Harrington and McNew 1998, 
Harrington et al 2002). 
Specialization to different hosts and selfing may have allowed populations of 
a C. fimbriata-Wke ancestor to undergo allopatric speciation. Cacao, sweet potato, 
and sycamore are all native to different regions of the Americas, the proposed center 
of origin of the Latin American clade of C. fimbriata (Harrington 2000). The sweet 
potato pathogen has very little genetic diversity (Steimel et al 2004) and may be 
native to northern South America, the purported origin of the cultivated sweet potato 
(Austin 1978, Jarret and Austin 1994). However, we have no sweet potato isolates 
from South America. Ceratocystis platani is probably indigenous to the southeastern 
USA and perhaps Mexico (Engelbrecht et al Mol. Ecol.). Theobroma cacao is 
believed indigenous to the Amazon Basin and northern South America (Cheesman 
1944). We (unpublished) have found the greatest genetic diversity of C. 
cacaofunesta in the upper Amazon, and thus we selected a specimen from 
Rondônia as the holotype. 
Host specialization may be a major factor driving speciation within the genus 
Ceratocystis. Ceratocystis polonica and C. laricicola, for instance, are 
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morphologically indistinguishable but intersterile and specialized to Picea and Larix, 
respectively (Harrington et al 2002). Lineages on maple and oak have been 
identified within C. virescens (Harrington et al 1998, Witthuhn et al 2000a). The 
host-specialized lineages on sweet potato, sycamore and cacao also differ only 
slightly in morphology, suggesting that the evolution and divergence of these 
species has been driven primarily by host specialization. Because C. fimbriata and 
relatives are able to reproduce by selfing, intersterility barriers may not be necessary 
to maintain uniquely-adapted populations, but intersterility barriers are clearly 
evident between the newly-recognized species. Although these species may have 
evolved allopatrically, adaptation of an isolated population to a novel host may exert 
selection pressure to develop intersterility barriers with sympatric populations on 
other hosts. 
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TABLE I. Ceratocystis fimbriata isolates used in intersterility experiments and 
morphological study. 
Isolate3 Other number" Host plant Location collected 
C1593 cacao Bahia, Brazil 
C1587 cacao Bahia, Brazil 
C1597 cacao Bahia, Brazil 
C1983 CBS 115172 cacao Rondônia, Brazil 
C1984 cacao Rondônia, Brazil 
C2031 cacao Rondônia, Brazil 
C1935 cacao Colombia 
C1936 cacao Colombia 
C1937 cacao Colombia 
C1947 cacao Colombia 
C1547 cacao Costa Rica 
C1548 CBS 114722 cacao Costa Rica 
C1549 cacao Costa Rica 
C1634 cacao Costa Rica 
C1638 cacao Costa Rica 
C1642 Herrania sp. Costa Rica 
C940 CBS 152.62 cacao Costa Rica 
(Ecuadorian lineage) 
C1004 CBS 153.62 cacao Ecuador 
C1690 cacao Ecuador 
C1691 cacao Ecuador 
a Isolate numbers in the collection of T. C. Harrington. 
bCBS = Centraalbureau voor Schimmelcultures; ICMP = Landcare 
Research New Zealand. 
c NC = isolated from cacao but not of the cacao lineage and not 
pathogenic to cacao. 
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TABLE I (continued) 
Isolate3 Other number" Host plant Location collected 
C1695 CBS 115163 cacao Ecuador 
C1751 cacao Ecuador 
C1833 CBS 115169 cacao Ecuador 
C1834 cacao Ecuador 
C1835 cacao Ecuador 
C1831 cacao (NC)c Ecuador 
C1696 cacao (NC) Ecuador 
C1832 cacao (NC) Ecuador 
C1836 cacao (NC) Ecuador 
C1584 cacao (NC) Trinidad 
C1750 cacao (NC) Colombia 
C1354 sweet potato Japan 
C1418 sweet potato North Carolina, USA 
C1476 ICMP 8579 sweet potato Papua New Guinea 
C1317 sycamore North Carolina, USA 
C1339 sycamore Virginia, USA 
C1351 sycamore Kentucky, USA 
TABLE II. Pairings between MAT-1 and MAT-2 testers of isolates of Ceratocystis fimbriataftom three hosts. 
Recipient strains 
MAT-1 MAT-2 
cacao sweet potato sycamore cacao sweet potato sycamore 
Spermatizing C940 C1548 C1587 C1354 C1418 C1476 C1317 C1339 C1351 C940 C1587 C1354 C1418 C1317 C1339 C1351 
strains ss ss ss ss ss ss ss ss ss sec5 sec2 sect sec1 sect sect sec1 
C940-ss a 
- - - - - - - - C H H P P P P 
C1548-ss 
- - - - - - - - - -
C H P P P P 
C1587-SS 
- - - - - - - - - - C P P H - P 
C1354-SS 
- - - - - - - - - H S C C - - P 
C1418-SS 
- - - - - - - - - H H C C H - -
C1476-SS 
- - - - - - - - - -
S C - H - -
C1317-SS 
- - - - - - - - -
P S H H C C C 
C1339-SS 
- - - - - - - - -
H H H 
-
C C C 
C1351-SS 
- - - - - - - - -
P S 
- -
C C c 
C940-sec5 c - H P H P H H H - - - - - - P 
C1587-sec2 H C C H P H H H H S S S S S s s 
C1354-sec1 H P H C C C H H - P s - P p - -
C1418-sec1 P H P C C C H H H - s P - p - P 
C1317-sec1 P H 
-
H H H C C C - s - - - - H 
C1339-sec1 H H 
-
H H 
- C C C - s - - - - P 
C1351-sect P P H . H . C C C s . . p - P 
a No perithecia (-), sterile perithecia (P), perithecia with few viable ascospores, typical of an interspecific hybridization (H), perithecia with many viable 
ascospores, typical of an interfertile cross (C), or induced selfing (S). 
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TABLE III. Pairings between Ceratocystis fimbriata testers from cacao. 
Spermatizing MAT-2 strains 
Recipient 
MAT-1 strains Origin 
C1587-
sec2 
Br 
C1642-
secl 
CR 
C940-
sec5 
CR 
C1004-
secl 
Ec 
C1691-
secl 
Ec 
C1834-
secl 
Ec 
C1587-SS Bahia,Brazil Ca C - - - -
C1593-SS Bahia,Brazil C C - - - -
C1597-SS Bahia,Brazil C C - P - -
C1983-SS Rondônia, Brazil C C - - - -
C2031-SS Rondônia, Brazil C C - - - -
C1935-SS Colombia C C - - - -
C1936-SS Colombia C C - - - -
C1937-SS Colombia C C - - - -
C1947-SS Colombia C C - - - -
C1548-SS Costa Rica C C - - - -
C1549-SS Costa Rica C C - - - -
C1634-SS Costa Rica C C - - - -
C1638-SS Costa Rica H C - - - -
C1642-SS Costa Rica C C - - - -
C940-SS Costa Rica H H C C C H 
C1691-ss Ecuador S S C C C H 
C1834-SS Ecuador - S c C C C 
C1750-SS (NC) b Colombia H H H H H H 
C1696-SS (NC) Ecuador H H H H H H 
C1831-SS (NC) Ecuador - H - H - -
C1832-SS (NC) Ecuador H H - H - -
C1836-SS (NC) Ecuador S H - H H -
C1584-SS (NC) Trinidad H H H H H -
a No perithecia (-), sterile perithecia (P), perithecia with few viable ascospores, typical of a 
hybridization (H), perithecia with many viable ascospores, typical of an interfertile cross (C), 
induced selfing (S). 
b NC = isolated from cacao, but not of the cacao lineage and not pathogenic to cacao. 
TABLE IV. Segregation for mycelial phenotype and presence or absence of the MAT-2 gene among progeny from 
pairings of testers within and between lineages of Ceratocystis fimbriata. 
MAT-2 absent" MAT-2 present" 
Total Female Male Nonparental Female Male Nonparental 
Female Male progeny mycelial mycelial mycelial mycelial mycelial mycelial 
(MAT-1) (MAT-2) recovered phenotype phenotype phenotypes phenotype phenotype phenotype 
C1418-SS SPa C1354-sec1 SP 36 4 1 6 0 3 22 
C1339-SS SY C1351-sec1 SY 17 1 2 0 7 7 0 
C1548-ss CA C1587-sec2 CA 37 14 8 0 4 9 2 
C940-SS CA C1587-sec2 CA 20 5 0 4 3 3 5 
C940-SS CA C1339-sec1 SY 14 2 3 2 0 4 3 
C1418-SS SP C1351-sec1 SY 17 11 0 4 1 0 1 
C1317-SS SY C1354-sec1 SP 7 0 0 7 0 0 0 
C1317-SS SY C1418-sec1 SP 17 9 6 0 2 0 0 
C1339-ss SY C1354-sec1 SP 16 3 0 4 4 0 5 
C1339-55 SY C1418-sec1 SP 36 1 8 18 0 6 3 
C940-ss CA C1354-sec1 SP 19 19 0 0 0 0 0 
aCA = cacao, SP = sweet potato, S Y = sycamore. 
"Presence or absence of the MAT-2 idiomorph based on PGR testing. 
TABLE V. Mean and standard deviations of dimensions (in gm) of perithecia and ascospores of isolates of Ceratocystis 
fimbriata from sweet potato, sycamore, and five populations of cacao.a 
Number of Perithecia base Perithecia Perithecia neck Ascospore Ascospore Ascospore 
Group isolates width base height length length width height 
sweet potato 3 192.2+31.3 b 177.5+32.5 c 628.6+73.6 b 6.0±0.5 a 4.4±0.4 be 3.5±0.3 a 
sycamore 3 238.3+32.5 a 229.6+28.0 a 657.1 ±75.4 ab 5.6±0.6 be 3.9±0.4 d 3.4±0.3 be 
cacao, Ecuador 8 199.3+43.3 b 183.3+35.9 c 664.8+141.8 a 5.8±0.3 b 4.4±0.3 ab 3.5±0.3 a 
cacao, Rondônia 3 192.8+27.3 b 175.6±24.3 c 551.8+102.6 c 5.5±0.3 cd 4.5±0.3 ab 3.2±0.2 c 
cacao, Bahia 3 202.5+24.0 b 203.3+33.5 b 531.3+64.8 c 5.4±0.3 d 4.5±0.2 a 3.6±0.2 a 
cacao, Costa Rica 3 198.4+35.9 b 199.6+39.1 b 484.5+72.7 d 5.4±0.4 d 4.2±0.3 c 3.5±0.3 ab 
cacao, Colombia 4 196.9+27.6 b 186.8+28.0 c 463.1 ±56.3 d 5.5±0.3 cd 4.4±0.3 abc 3.5+0.3 ab 
a Means within a column followed by the same letter are not significantly different based on Duncan's multiple range 
test. 
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FIGS. 1-3. Perithecium and progeny from pairings of testers from the Ceratocystis 
fimbriata complex. 1. Perithecium from C1418-ss X C1354-sec1, an interfertile 
cross between two sweet potato testers. 2. Normal ascospores from intra-specific 
cross C1418-ss X C1354-sec1. 3. Deformed ascospores from C1418-ss X C1317-
secl, a hybridization between testers from sweet potato and sycamore. Scale bars: 
1 = 100 urn; 2,3 = 10 jam. 
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Figs. 4-9. Ceratocystis cacaofunesta isolate C1983. 4. Perithecium. 5. Ostiolar 
hyphae. 6. Ascospores. 7. Cylindrical endoconidiophore. 8. Cylindrical endoconidia. 
9. Aleurioconidiophore and aleurioconidia. Scale bars: 4 = 100 jam; 5-9=10 jam. 
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Figs. 10-16, Ceratocystis platani isolate C1317. 10. Perithecium. 11. Ostiolar 
hyphae. 12. Ascospores. 13. Endoconidiohpores with doliform conidia. 14. 
Endoconidiophore with cylindrical conidia. 15. Cylindrical endoconidia. 16. 
Aleurioconidiophores and aleurioconidia. Scale bars: 10 = 100 urn; 11-16 = 10 
Table 1. Range of morphological measurements (|im) of the teleomorph of isolates of Ceratocystis fimbriata from 
different host plants. 
Number Ostiolar 
Host 
of Perithecia base Perithecia neck hyphae Ascospore, with brim 
isolates (w X h) (I X w at base, w at tip) length (I X w X h) 
sweet potato 3 111 -245 X 119-249 442-766 X 28-40 16-24 20-119 5.2-7.4 X 3.3-5.0 X 2.9-4.5 
sycamore 3 174-288X174-288 533-833X20-43 16-36 28-87 4.1-6.8X3.1-4.7X2.9-4.2 
cacao,Amazonian 12 126-277 X 130-277 308-691 X 20-47 12-24 28-99 4.7-6.2X3.6-5.2X2.9-4.1 
cacao, Ecuador 95-304 X 103-249 260-1011 X 20-51 12-24 20-126 5.0-6.6 X 3.8-5.3 X 2.7-4.2 
Table 2. Range of morphological measurements (gm) of the anamorph states of isolates of Ceratocystis fimbriata 
from different host plants. 
Number 
of Endoconidiophore 
Host isolates phialides (I X w) Endoconidia (I X w) Aleurioconidia (I X w) 
sweet potato 3 27-60 X 4-8 8.7-33.1 X 3.2-5.1 10.9-16.3X6.5-11.9 
sycamore 3 23-91 X 4-9 10.9-22.2X3.2-5.0 9.9-18.6X5.9-11.9 
cacao, Amazonian 12 12-83X2-8 7.9-48.8 X 2.7-4.6 9.8-18.0X6.4-11.3 
cacao, Ecuadorian 5 18-63X5-9 9.0-35.6 X 3.3-5.2 9.9-16.0X5.5-11.3 
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CHAPTER 4. GENETIC ANALYSIS OF PROGENY FROM CROSSES 
WITHIN AND BETWEEN SPECIES IN THE 
CERATOCYSTIS FIMBRIATA COMPLEX. 
A paper to be submitted to Current Genetics 
Christine J. B. Engelbrecht and Thomas C. Harrington 
Abstract 
Progeny were obtained from several crosses between MAT-1 and self-sterile MAT-2 
testers from isolates of Ceratocystis fimbriata from sweet potato, C. piatani from 
sycamore, and C. cacaofunesta from cacao. Progeny and parental strains were 
analyzed using Hae III mitochondrial DNA fingerprints, presence or absence of the 
MAT-2 gene, (CAT)5 nuclear DNA fingerprints, and microsatellite markers. All 
progeny had the mitochondrial DNA fingerprint of the female parent, which was 
always the MAT-1 tester. There was skewed segregation among the progeny for the 
MAT-2 gene, as has been noted in earlier studies of C. fimbriata. Nuclear DNA 
fingerprints and microsatellite markers segregated for both parental types among the 
progeny. With the exception of the MAT-2 gene, crosses of testers from the same 
species tended to show normal segregation of markers among the progeny, with no 
linkage among markers. Crosses of testers from different species and of testers 
from the two C. cacaofunesta sublineages tended to show abnormal segregation of 
most markers and substantial linkage of markers. Most progeny from interspecific 
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crosses had genotypes identical to one or the other parent, suggesting that normal 
meiosis had not occurred. Five of 15 progeny from an interspecific cross of C. 
cacaofunesta X C. platani had microsatellite alleles of both parents, showing that the 
progeny were not normal haploids. Non-homologous chromosome pairing during 
meiosis may explain the low recovery of viable progeny and abnormal segregation of 
markers in crosses between testers from different species. 
Introduction 
Ceratocystis fimbriata is a large complex of fungal species that cause wilt-type 
diseases on a variety of temperate and tropical plants (CABI 2001). We have 
previously shown that C. fimbriata isolates from sweet potato, sycamore, and cacao 
form three distinct genetic lineages (Baker et al. 2003), are largely intersterile 
(Engelbrecht and Harrington, Mycologia), and are strongly specialized to their 
respective hosts (Baker et al. 2003). Ceratocystis fimbriata is based on a holotype 
specimen from sweet potato, the cacao pathogen has been named C. cacaofunesta, 
and the sycamore pathogen has been raised from a form to a species, C. platani 
(Engelbrecht and Harrington, Mycologia). Isolates of these three species are 
generally intersterile in in-vitro crosses, but occasionally a few viable ascospore 
progeny can be recovered from interspecific crosses (Engelbrecht and Harrington, 
Mycologia). Ceratocystis cacaofunesta contains two intersterility groups, one 
believed to be native to the Upper Amazon and a second to western Ecuador 
(Engelbrecht et al. Phytopathology). 
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Analyzing progeny from pairings within species and hybridizations between 
species may provide evidence for the mechanisms driving intersterility and 
speciation. Although progeny of crosses have been analyzed for segregation of 
molecular and phenotypic markers within some fungal species (e.g., Bowden and 
Leslie 1999, Knapova et al. 2002, Peros and Berger 1999), most studies have not 
analyzed hybrid progeny from pairings between closely-related species as a way of 
discerning mechanisms or consequences of intersterility. Harrington and McNew 
(1998) examined segregation of markers in progeny from crosses between species 
in the C. coerulescens complex. No study has thoroughly examined crosses 
between species in the C. fimbriata complex, although segregation of phenotypic 
characters has been noted among progeny in some studies (Engelbrecht and 
Harrington, Mycologia; Olsen 1949). The purpose of this study was to analyze 
progeny obtained from pairings within and between C. fimbriata, C. cacaofunesta, 
and C. platani using a variety of nuclear and mitochondrial markers. 
Materials and Methods 
Fungal strains 
The MAT-1 and MAT-2 tester strains (Table 1) were obtained from isolates of 
the three species as described in Engelbrecht and Harrington (Mycologia). The 
MAT-2 testers were spontaneous mutants lacking in protoperithecia production and 
were, thus, male-only mutants. Otherwise, MAT-2 isolates typically are capable of 
selfing (Witthuhn et al. 2000). 
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Pairings 
Pairings of testers from the same and different species were performed as 
described previously (Engelbrecht and Harrington, Mycologia). Progeny sets were 
collected from one perithecium when possible (within-species pairings), but 
hybridizations between species and between the two cacao intersterility groups 
produced so few viable progeny that ascospores from several perithecia were 
combined in order to obtain sufficient numbers for analyses. 
Progeny analysis 
Total genomic DNA was extracted from progeny and parental strains using 
the methods of DeScenzo and Harrington (1994). This DNA was used for (CAT)5 
nuclear DNA fingerprinting (DeScenzo and Harrington 1994) and Hae III 
mitochondrial DNA fingerprinting (Wingfield et al 1996). Presence or absence of a 
band was scored as two alleles at a single locus. Individual polymorphic (CAT)5 
bands were named by their approximate size (kb). 
Several PCR-based microsatellite markers were also used to analyze the 
DNA of progeny and parental strains. We used fifteen microsatellites (AAG8, AAG9, 
CAA9, CAA10, CAA15, CAA38, CAA80, GAG 15, CAT1, CAT9Xa, CAT9Xb, 
CAT1200, CAT3Ka, CAT3Kb, and GACA650) described in Steimel et al. (2004), 
three microsatellite markers (AG7, CF5, and CF11) from Barnes et al. (2001), and 
two additional microsatellite loci: CTC1, amplified using primers CTC1-1F (5'-
GCACAACGGGTTCGCACAATC-3') and CTC1-1R (5'-
ACTGTTTTCCGAGGCTACCTT-3') and TC1, amplified using primers DBVTC1-1F 
112 
(5'-TCCGTCTGGCATTATTCCTCCTTGATT-3') and DBVTC1-1R (5'-
ATATAGTAGAACGAGCAACGAAA-3'). For each primer pair, one primer was 
labeled with a fluorescent dye, either hex (yellow), tet (green), or fam (blue). 
Amplification reactions and cycling conditions were as in Steimel et al. (2004). PGR 
products were analyzed using an ABI Prism 377 DNA sequencer (Applied 
Biosystems Inc., Foster City, CA), and the size of the product was determined 
against the size standard using ABI GeneScan Analysis Software v3.1.2 and 
Genotyper 2.0 software (Applied Biosystems Inc., Foster City, CA). The PGR 
products of different lengths (within 1 bp) were considered different alleles at the 
amplified locus. Sizes of the alleles were reported in Steimel et al. (2004) and 
Barnes et al. (2001). The CTC1 alleles were 208 bp for isolate C1587, 211 for 
C1548, 214 for C1418, 217 for C1339 and C1351, and 369 for C1354. The TC1 
alleles were 284 for isolates C1339 and C1351, 293 for C1354 and C1418, and 305 
for C940. 
We attempted to amplify the MAT-2 gene in all progeny (Witthuhn et al. 2000) 
using the same PCR conditions as used for microsatellites, but with a 58 C 
annealing temperature. Primers used were CFM2-1F (5'-
AGTTACAAGTGTTCCCAAAAG-3') and 109978R1R (5'-
GCTAACCTTCACGCCAATTT-3'), which amplify a product of about 1200 bp of the 
HMG box in MAT-2 strains but produce no PCR product in MAT-1 strains. The PCR 
products were electrophoresed on a 2% agarose gel and visualized using ethidium 
bromide and UV light to determine presence or absence of the amplified gene. 
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Statistical analysis 
Chi-square tests were used to determine if parental alleles of individual loci 
were found among progeny in a 1:1 ratio. Chi-square tests were also used to 
compare the observed and expected ratios of parental and nonparental genotypes 
for each progeny set. Linkage was assessed for each progeny set using the 
program Mapmaker 3.0 with linkage groups defined at minimum LOD 3.00 and 
maximum distance 50.0 (Whitehead Institute for Biomedical Research). 
Results 
In each pairing, all mitochondrial fingerprints of the progeny matched those of the 
female, MAT-1 parent, regardless of whether the MAT-1 parent had been the 
recipient or spermatizing strain (Fig. 1). Nuclear DNA fingerprints of progeny from 
most pairings showed segregation for the polymorphic bands of the two parents, and 
some progeny had some bands of both parents (Fig. 2). Microsatellite marker 
alleles of most progeny sets also showed segregation for the alleles of both parents. 
In crosses and selfings, the MAT-2 gene (or self-fertility) is known to segregate 
abnormally (Olson 1949, Webster and Butler 1967), and skewed segregation for 
MAT-2 was found in most progeny sets we tested. Because of this skewed 
segregation, the MAT-2 gene was omitted when determining overall nuclear 
genotype of the progeny as parental or non-parental. 
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Intraspecific crosses 
In general, pairings of testers from the same species or sublineage tended to 
have normal (1:1) segregation of most markers, except for the MAT-2 gene. Overall 
nuclear genotype ratios (combining DNA fingerprints and microsatellite data) 
showed normal segregation of parental to nonparental types among the progeny 
(Table 2). 
The 36 progeny from the pairing of C. fimbriata testers C1418-ss and C1354-
secl had abnormal segregation (differed from 1:1) of both the MAT-2 locus (11 
progeny lacking MAT-2 and 25 possessing MAT-2) and microsatellite AAG8 alleles 
(12:24 for the female:male alleles), but there was normal segregation (18:18) of the 
one polymorphic (CAT)5fingerprint band. Based on the AAG8 and (CAT)5 loci only, 
the overall ratio of female parental to male parental to nonparental genotypes was 
5:11:20, not significantly different (P< 0.05) from the expected 1:1:2 ratio (Table 2). 
There was no linkage of the three loci in this progeny set. 
The progeny set from the pairing of two C. platani testers, C1339-ss and 
C1351-sec1, showed normal (1:1) segregation of two (CAT)5 bands (at 2.4 and 2.7 
kb) and the alleles of six polymorphic microsatellite loci (CAA9, CAA80, CAG15, 
CAT3K, CF11, and GACA650), but 15 of the 17 progeny had the MAT-2 gene. The 
nine loci were not linked. Combining all nuclear markers except MAT-2, the progeny 
were all non-parental in genotype (Table 2). 
The pairing of C1548-ss and C1587-sec2, two testers from isolates in the 
Amazonian C. cacaofunesta sublineage, was atypical in that the MAT-2 strain was 
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the recipient strain and the MAT-1 strain the spermatizing strain. Mitochondrial DNA 
fingerprints showed that the MAT-1 strain (C1548-ss) acted as the female in this 
pairing. The segregation of the MAT-2 gene did not differ significantly (P< 0.05) 
from 1:1, but most of the 14 polymorphic (CAT)5 bands showed skewed segregation, 
as did three of seven microsatellite loci (Table 3). Combining all markers except 
MAT-2, all 37 progeny had non-parental genotypes (Table 2). There was no linkage 
among the microsatellite markers or the MAT-2 locus, but the analysis suggested 
that there was linkage among two groups of (CAT)5 loci. 
Interspecific Crosses 
In general, pairings between testers from different species or from the two 
cacao sublineages had progeny with abnormal (other than 1:1) segregation of many 
of the markers, loci were often linked, and more progeny were of one or both of the 
parental types than expected (Table 4). However, these progeny sets were 
collected from more than one perithecium in order to obtain enough progeny for 
analyses, and the sets were not necessarily each from a single dikaryon pairing. 
The pairing between testers from the two C. cacaofunesta sublineages, 
(C940-ss X C1587-sec2) yielded 18 progeny that segregated normally (1:1, P< 
0.05) for 14 of 15 loci (MAT-2, CAA9, CAA10, CAA15, CAA38, CAA80, CAG15, 
CAT 1, CAT3Ka, CAT3Kb, CAT1200, CF5, GACA650, and TC1). Progeny 
segregated abnormally for locus AAG8, with 16 of the progeny having the allele of 
the female parent and four progeny having the allele of the male parent. Combining 
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all nuclear data except the MAT-2 gene, eight progeny were identical to the female 
parent, three were identical to the male parent, and eight had non-parental 
genotypes (Table 4). Loci did not appear to sort independently, as there were was 
linkage among three groups of loci found in these progeny: (AAG8, CAA15, CAA80), 
(CAA10, CAA80, CAT1, TC1, MAT-2), and (CAA9, CAT3Kb, CAG15, GACA650). 
The 15 progeny from several perithecia produced from the pairing between C. 
cacaofunesta and C. platani (C940-ss X C1339-sec1) segregated normally for 
twelve of thirteen microsatellite loci and the MAT-2 locus (Table 5). Besides the 
microsatellite markers, three progeny had (CAT)5 bands identical to the female 
parent, seven had (CAT)5 bands identical to the male parent, and five progeny had 
some bands of each parent (Table 4). Five of the 15 progeny from this pairing had 
two electrophoretic peaks for up to eight microsatellite loci, and the two peaks 
corresponded to the alleles of the two parents (Table 5). Because the progeny were 
from single ascospores, which are presumably mononucleate, the ascospores may 
have been aneuploid. Overall, combining all nuclear markers except the MAT-2 
locus, two of the 15 progeny were genetically identical to the female parent, five 
were identical to the male parent, and eight were either non-parental or had alleles 
of both parents at two or more microsatellite loci. All loci except MAT-2 were linked. 
The 17 progeny collected from several perithecia from a cross of C1418-ss X 
C1351-sec1 (C. fimbriata X C. platani) showed abnormal segregation of all 17 
markers tested (Table 6). Thirteen of the 17 progeny had a (CAT)5 fingerprint 
identical to the female parent, three had a fingerprint identical to the male parent, 
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and only one had a non-parental fingerprint (Table 4). Combining fingerprint and 
microsatellite data, 12 progeny were genetically identical to the female parent, three 
to the male parent, and two had non-parental genotypes (Table 4). All markers 
except MAT-2 were linked. 
Among 16 progeny collected from several perithecia of another C. platani by 
C. fimbriata pairing, C1339-ss X C1354-sec1, 12 of 20 loci segregated abnormally 
(Table 6). The MAT-2 locus segregated normally. Combining all microsatellite loci, 
eight progeny were identical to the female parent and eight progeny had non-
parental genotypes (Table 4). Analysis suggested that four groups of loci were 
linked, as follows: (AAG9, AG7, CF5, CF11, GACA650, TC1), (CAA10, CAA38, 
CAT1, TC1), (CAT3Ka, CAT3Kb, CAT9Xb), and (CAA15, CAT9Xa). 
Among the 36 progeny collected from perithecia resulting from the pairing of 
C1339-ss X C1418-sec1 (C. platani X C. fimbriata), two of eight microsatellite 
markers segregated abnormally (Table 7). The MAT-2 locus also segregated 
abnormally. Combining all microsatellite markers, 12 progeny were identical to the 
female parent, eight were identical to the male parent, and 16 had non-parental 
genotypes (Table 4). All loci except MAT-2 and CAA9 were linked. 
Among the 17 progeny collected from another pairing of C. platani and C. 
fimbriata, C1317-ss X C1418-sec1, two of eight microsatellite loci segregated 
abnormally (Table 7). The MAT-2 locus also did not segregate in a 1:1 ratio. 
Combining all microsatellite data, four progeny were identical to the female parent 
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and thirteen had non-parental genotypes (Table 4). Five loci (AAG8, CAA9, CAA15, 
CAG15, and GACA650) showed significant linkage. 
The 19 progeny collected from several perithecia resulting from the C940-ss 
X C1354-sec1 (Ceratocystis cacaofunesta X C. fimbriata) pairing were all genetically 
identical to C940-ss, suggesting that this pairing was an induced selfing of C940-ss. 
Discussion 
The results obtained here are consistent with the hypothesis that these three 
Ceratocystis species have different numbers or sizes of chromosomes or 
arrangements of parts of chromosomes, and sexual incompatibility is due to mis-
pairing of chromosomes at meiosis. Poor alignment of non-homologous or only 
partially homologous chromosomes at meiosis could explain the low number of 
perithecia with ascospores, the aborted asci observed, the low proportion of viable 
ascospores recovered, and the abnormal growth of the progeny recovered from 
interspecific pairings. Non-homologous chromosomes could also explain how five of 
the progeny recovered from the pairing of C940-ss and C1339-sec1 had both 
parental alleles at some of the microsatellite loci, suggesting that some progeny from 
interspecific pairings were derived from aneuploid or polyploid ascospores. 
Similar results were found in interspecific hybridizations within the C. 
coeruiescens species complex (Harrington and McNew 1998). In this case, some 
progeny from interspecific pairings had two parental isozyme electromorphs. 
Interspecific pairings in Neurospora (Dodge 1928, Shear and Dodge 1927), 
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Ophiostoma (Brasier 1991, Kile and Brasier 1990), and Ceratocystis eucalypti with 
Thielaviopsis australis (Kile et al. 1996) have also resulted in formation of misshapen 
ascospores that may have been aneuploids or polyploids. 
The two Ceratocystis cacaofunesta sublineages form two intersterility groups 
(Engelbrecht and Harrington, Mycologia), and testers from these sublineages acted 
as if they had non-homologous chromosomes, similar to the interspecific pairings. It 
is possible that non-homologous chromosomes have developed in these two 
populations due to recent chromosome rearrangements. Although no phenotypic 
character distinguishes these sublineages (Engelbrecht and Harrington, Mycologia), 
it is possible that they are in the process of speciation. The cross between C. 
cacaofunesta testers from the Amazonian sublineage from Costa Rica and Bahia, 
Brazil also appeared like an interspecific hybridization, and the two testers were not 
closely related based on nuclear and mitochondrial markers (Engelbrecht et al. 
Phytopathology). It is possible chromosomes are not uniformly homologous within 
the Amazonian sublineage. 
Chromosomal differences could be a common mechanism determining 
intersterility between closely-related species. Chromosomes are highly variable in 
the fungi (Plummer and Howlett 1993, Husgen et al 1999, Talbot et al 1991, Walz 
and Kuck 1991), and chromosomal rearrangements may occur spontaneously and 
frequently (Xiang and Glass 2004). Some studies have found chromosomal 
polymorphisms that correspond to genetic lineages in other plant pathogenic fungi 
(Abdennadher and Mills 2000, Talbot et al. 1993). Chromosomal polymorphism has 
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also been observed to be correlated with intraspecific infertility (Foggier et al 2000) 
and different vegetative compatibility groups (Boehm et al. 1994) in other fungi. 
Speciation within the Ceratocystis fimbriata complex is thought to be driven 
by specialization to different hosts (Baker et al. 2003). Because these species are 
self-fertile, newly adapted populations could maintain unique adaptations without 
development of intersterility barriers. Intersterility may not be necessary for 
speciation, but intersterility may lead to or follow speciation. Chromosomal 
rearrangements leading to chromosomal incompatibility may be a common cause of 
intersterility among closely related species of fungi. 
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Table 1 Strains from the Ceratocystis fimbriata species complex used in pairings. 
Species Strain Mating type Host Location 
C. cacaofunesta C940-SS MAT-1 cacao Costa Rica (Ecuadorian 
sublineage) 
C1548-ss MAT-1 cacao Costa Rica (Amazonian 
sublineage) 
C1587-sec2 MAT-2 cacao Bahia, Brazil 
(Amazonian sublineage) 
C. fimbriata C1418-ss MAT-1 sweet potato North Carolina, USA 
C1354-sec1 MAT-2 sweet potato Japan 
C1418-sec1 MAT-2 sweet potato North Carolina, USA 
C. platani C1317-ss MAT-1 sycamore North Carolina, USA 
C1339-ss MAT-1 sycamore Virginia, USA 
C1339-sec1 MAT-2 sycamore Virginia, USA 
C1351-sec1 MAT-2 sycamore Kentucky, USA 
Table 2 Segregation for (CAT)5 nuclear DNA fingerprints and microsatellite markers of progeny from crosses of testers 
from the same species within the Ceratocystis fimbriata complex. 
(CAT)5 fingerprints Microsatellites Combined 
No. of No. of nuclear 
No. progeny polymorphic Genotypes polymorphic Genotypes genotypes 
Female parent Male parent recovered bands (F/M/NP3) markers (F/M/NPa) (F/M/NPa) 
C1418-SS Cfb C1354-sec1 Cf 36 1 18/18/-° 1 12/24/-c * 5/11/20 
C1339-SS Cp C1351-sec1 Cp 17 2 10/6/1* 6 0/0/17 0/0/17 
C1548-SS Cc C1587-sec2 Cc 37 10 8/2/27* 7 0/1/36 0/0/37 
a F/M/NP = female type/male type/non-parental genotypes. Ratios of female, male, and non-parental genotypes that 
differ from expected based on a chi-square test (P< 0.05) are marked with an asterisk (*). 
b Cf = Ceratocystis fimbriata; Cp = C. platani-, Ce = C. cacaofunesta. 
c Non-parental genotypes could not be distinguished because parental fingerprints differed by only one band. 
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Table 3 Alleles of 22 loci in progeny recovered from a pairing of C1548-ss X C1587-
sec2 (Amazonian Ceratocystis cacaofunesta X Amazonian C. cacaofunesta). 
No. of No. of 
Alleles progeny progeny like No. of progeny 
Locus (female/male) tested female parent like male parent 
MAT-2 -/+ 37 22 15 
(CAT)5-15 +/- 38 8 30*a 
(CAT)5-10 +/- 38 2 36* 
(CAT)s-7.5 +/- 38 0 38* 
(CAT)5-6.6 +/- 38 24 14 
(CAT)s-5.9 +/- 38 0 38* 
(CAT)5-5.5 -/+ 38 36* 2 
(CAT)s-5.2 +/- 38 13 25 
(CAT)5-3.8 +/- 38 13 25 
(CAT)5-3.4 +/- 38 0 38* 
(CAT)5-3.2 +/- 38 12 26* 
(CAT),-3.0 -/+ 38 20 18 
(CAT)5-2.6 +/- 38 0 38* 
(CAT)s-2.5 -/+ 38 16 22 
(CAT),-2.2 +/- 38 12 26* 
AG7 297/303 26 20* 6 
CAA9 276/245 37 12 25* 
CAT1 271/260 35 21 14 
CAT 1200 380/377 37 1 36* 
CAT3K 329/332 36 16 20 
CTC1 211/208 37 21 16 
GACA650 211/220 35 23 12 
a Numbers marked with an asterisk (*) indicate abnormal segregation (other than 
1:1) based on a chi- square analysis (P< 0.05). 
Table 4 Segregation of (CAT)5 nuclear DNA fingerprints and microsatellite markers of progeny from crosses of testers 
from different species or different sublineages within the Ceratocystis fimbriata complex. 
(CAT)S fingerprints Microsatellites Combined 
No. of No. of nuclear 
No. progeny polymorphic Genotypes polymorphic Genotypes genotypes 
Female strain Male strain recovered bands (F/M/NPa) markers (F/M/NPa) (F/M/NP3) 
C940-SS Ccb C1587-sec2 Cc 20 NTC NT 14 8/3/8*d 8/3/8* 
C940-SS Cc C1339-sec1 Cp 15 15 3/7/5* 13 2/5/8* 2/5/8* 
C1418-SS Cf C1351-sect Cp 17 9 13/3/1* 16 12/3/2* 12/3/2* 
C1339-SS Cp C1354-sec1 Cf 16 NT NT 19 8/0/8* 4/0/12* 
C1339-SS Cp C1418-sec1 Cf 36 NT NT 8 12/8/16* 12/8/16* 
C1317-SS Cp C1418-sec1 Cf 17 NT NT 8 4/0/13* 4/0/13* 
C940-SS Cc C1354-sec1 Cf 19 10 19/0/0* 10 19/0/0* 19/0/0* 
a F/M/NP = female parent/male parent/non-parental genotype. Ratios of female to male to non-parental genotypes 
that differ from expected by a chi-square test (P< 0.05) are marked with an asterisk (*). 
b Cc = Ceratocystis cacaofunesta; Cp = C. platani; Cf = C. fimbriata. 
c NT = not tested. 
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Table 5 Alleles found in 14 loci from progeny recovered from a pairing of C940-ss 
C1339-sec1 (Ecuadorian Ceratocystis cacaofunesta X C. platani). 
No. of No. of No. of No. of progeny 
Alleles progeny progeny like progeny like with alleles of 
Locus (female/male) tested female parent male parent both parents 
MAT-2 -/+ 14 6 8 0 
AG 7 295/301 15 4 8 3 
CAA9 245/410 15 5 5 5 
CAA10 133/127 15 3 8 4 
CAA15 344/317 15 4 11 0 
CAA80 302/300 15 5 10 0 
CAT1 257/260 15 3 10 2 
CAT1200 385/391 15 3 7 5 
CAT3Ka 308/311 15 2 13*a 0 
CAT3Kb 326/329 15 7 8 0 
CF5 366/376 15 4 7 4 
CF11 220/230 15 2 8 5 
GACA650 211/300 15 7 8 0 
TC1 305/284 15 2 8 5 
a Numbers marked with an asterisk (*) indicate abnormal segregation (other than 
1:1) based on a chi-square analysis (P< 0.05). 
Table 6 Alleles of 20 loci from progeny recovered from pairings between C1418-ss X C1351-sec1 (Ceratocystis 
fimbriata X C. platani) and C1339-ss X C1354-sec1 (C. platani X C. fimbriata). 
C1418-ss X C1351-sec1 C1339-SS X C1354-sec1 
No. of 
No. of progeny like No. of No. of No. of No. of 
Alleles progeny female progeny like Alleles progeny progeny like progeny like 
Locus (female/male) tested parent male parent (female/male) tested female parent male parent 
MAT-2 -/+ 17 15*a 2 -/+ 16 7 9 
A AG 8 188/176 17 13* 4 NTb 
AAG9 400/409 17 13* 4 409/400 16 12* 4 
AG7 286/301 17 13* 4 301/286 16 13* 3 
CAA9 206/312 17 13* 4 410/206 15 10 5 
CAA10 136/127 17 14* 3 127/136 15 11 4 
CAA15 323/317 17 13* 4 317/323 15 11 4 
CAA38 151/157 17 14* 3 157/151 15 11 4 
CAA80 305/294 17 14* 3 300/305 15 13* 2 
a Numbers marked with an asterisk (*) indicate abnormal segregation (other than 1:1) based on a chi-square 
analysis (P< 0.05). 
b NT = not tested 
cThe male parental tester lacked an allele at this locus, which was amplified using the same primers as CAT9Xa. 
Table 6 (continued) 
C1418-ss X C1351-sec1 C 1339-ss X C1354-sec1 
No. of 
No. of progeny like No. of No. of No. of No. of 
Alleles progeny female progeny like Alleles progeny progeny like progeny like 
Locus (female/male) tested parent male parent (female/male) tested female parent male parent 
CAG15 176/317 17 14* 3 337/176 14 12* 2 
CAT1 257/260 17 14* 3 260/257 15 11 4 
CAT9Xa NT 284/282 14 10 4 
CAT9Xb NT 287/-c 14 13* 1 
CAT 1200 377/391 17 14* 3 391/377 12 10* 2 
CATSKa 308/311 16 12* 4 311/308 15 14* 1 
CAT3Kb 323/326 17 13* 4 329/323 16 14* 2 
CF5 369/376 16 13* 3 376/369 15 12* 3 
CF11 220/228 17 13* 4 230/220 15 12* 3 
CTC1 214/217 17 12* 5 217/369 15 15* 0 
GACA650 223/256 17 13* 4 300/223 14 11* 3 
TC1 293/284 17 14* 3 284/293 15 11 4 
Table 7 Alleles of 9 loci from progeny recovered from pairings of C1339-ss X C1418-sec1 (Ceratocystis platani X C. 
fimbriata) and C1317-ss X C1418-sec1 (C. plataniX C. fimbriata). 
C1339-ss X C1418-sec1 C1317-SS X C1418-sec1 
No. of No. of No. of No. of 
Alleles No. of progeny like progeny like Alleles No. of progeny like progeny like 
Locus (female/male) progeny female parent male parent (female/male) progeny female parent male parent 
MAT-2 -/+ 36 27* 9 -/+ 17 15* 2 
AAG8 176/188 36 16 20 176/188 17 12 5 
CAA9 410/206 34 13 21 368/206 16 10 6 
CAA10 127/136 30 16 14 127/136 16 7 9 
CAA15 317/323 35 19 16 288/323 17 12 5 
CAA38 157/151 33 16 17 134/151 14 11* 3 
CAG15 337/176 35 10 25* 359/176 17 11 6 
CAT 1200 391/377 36 12 24* 391/377 17 13* 4 
GACA650 300/223 36 15 21 300/223 16 10 6 
a Numbers marked with an asterisk (*) indicate abnormal segregation (other than 1:1) based on a chi-square analysis 
(P< 0.05). 
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5 K Progeny 
Figure 1. Segregation of Hae III mitochondrial DNA fingerprints in progeny from a 
cross of C1354-sec1 (Ceratocystis fimbriata) and C1418-ss (C. fimbriata), showing 
that all progeny have the mitochondrial fingerprint of the female, MAT-1 parent. 
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Figure 2. Segregation of (CAT), nuclear DNA fingerprinting bands in progeny from a 
cross of C1418-ss (Ceratocystis fimbriata) and C1351-sec1 (C. platani), showing 
segregation of parental types and non-parental types among the progeny. 
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CHAPTER 5. GENETIC VARIATION IN EASTERN NORTH 
AMERICAN AND PUTATIVELY INTRODUCED POPULATIONS OF 
CERATOCYSTIS PLATANI 
A paper submitted to Molecular Ecology 
C. J. B. Engelbrecht, T. C. Harrington, J. Steimel, and P. Capretti 
Abstract 
The plant pathogenic fungus Ceratocystis platani (= C. fimbriata f. platani) 
attacks Platanus species (London plane, oriental plane, and American sycamore) 
and has killed tens of thousands of plantation trees and street trees in the eastern 
USA, southern Europe, and Modesto, California. Nuclear and mitochondrial DNA 
fingerprints and alleles of eight polymorphic microsatellite markers of isolates of C. 
platani horn these regions delineated major differences in gene diversities. The 33 
isolates from the eastern USA had a moderate degree of gene diversity, and unique 
genotypes were found at each of seven collection sites. Fingerprints of 27 isolates 
from 21 collection sites in southern Europe were identical with each other; 
microsatellite markers were monomorphic within the European population, except 
that three isolates differed at one locus each, perhaps due to recent mutations. The 
genetic variability of C. platani in the eastern USA suggests that the fungus is 
indigenous to this region. The genetic homogeneity of the fungus in Europe 
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suggests that this population has gone through a recent genetic bottleneck, perhaps 
from the introduction of a single genotype. This supports the hypothesis that the 
pathogen was introduced to Europe through Naples, Italy during World War II on 
infected crating material from the eastern USA. The Californian population also may 
have resulted from introduction of one or a few related genotypes because it, too, 
had a single nuclear and mitochondrial genotype and limited variation in 
microsatellite alleles. 
Additional keywords: fungal pathogens, RFLP 
Introduction 
Introduced plant pathogens have caused extensive damage to natural and 
urban forest ecosystems. Canker stain of plane tree, caused by the haploid 
ascomycete fungus Ceratocystis platani (=C. fimbriata f. platani), has killed tens of 
thousands of valuable street trees in the eastern USA (Walter etal. 1952), southern 
Europe (Panconesi 1999), and Modesto, California (Perry & McCain, 1988), and the 
disease has been serious on plantation sycamores (Platanus occidentalis) in the 
southeastern USA (McCracken & Burkhardt 1977). Although C. fimbriata attacks a 
wide range of temperate and tropical plants (CABI 2001), isolates from Platanus 
form a monophyletic group host-specialized to the genus Platanus (Baker et al. 
2003). Analysis of microsatellites (Barnes etal. 2001) and other markers (Baker et 
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al. 2003; Santini & Capretti 2000) have shown that C. platani is distinct from C. 
fimbriata isolates from other hosts, and only isolates of C. platani are pathogenic to 
Platanus spp. (Baker etal. 2003). Hosts of C. platani include P. occidentalis 
(American sycamore), P. orientalis (oriental plane), and their natural hybrid, P. 
acerifolia (London plane), which is particularly susceptible (Walter 1946), as well as 
P. racemosa (California sycamore) (Perry & McCain 1988). The native range of the 
pathogen is unknown, but seven of the ten species of Platanus are native to 
southern North America (USDA 1965), and the close relatives of C. platani appear to 
be native to Latin America and the Caribbean region (Baker etal. 2003). 
Ceratocystis platani is primarily a wound pathogen, infecting trees through 
pruning wounds or other injuries, although it also infects trees through roots 
(Vigouroux & Stojadinovic 1990) and can spread to adjacent trees via root grafts 
(Mutto Accordi 1986). In urban plantings, the fungus is transmitted primarily on 
contaminated pruning equipment (Walter 1946). Once in the tree, the fungus moves 
through the xylem as a wilt pathogen and also causes cankers. Aleurioconidia of the 
fungus may survive several months or years in the wood of diseased trees 
(Grosclaude etal. 1995), and the fungus could thus survive in cut timber from 
infected trees. 
Although canker stain has been found at low levels on American sycamore in 
natural forests of the eastern USA (McCracken & Burkhardt 1977; Walter 1946), 
most recorded instances of the disease have been in urban areas or in commercial 
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plantations of P. occidentalis for fiber production. Canker stain was first noted on 
Platanus street trees in New Jersey in 1926 (Walter 1946) and in Pennsylvania in 
1935 (Jackson & Sleeth 1935). Soon thereafter, the disease developed into an 
epidemic that caused devastating losses of London plane throughout the eastern 
USA, including New York, Delaware, Pennsylvania, Washington DC, Virginia, West 
Virginia, Kentucky, North Carolina, Tennessee, and Mississippi (Walter etal. 1952). 
The disease was particularly severe in the Philadelphia area in the years leading up 
to the second world war (WWII). Establishment of sanitation practices, such as 
disinfecting pruning equipment, effectively reduced the level of the disease in these 
areas in the late 1940s (Walter etal. 1952). Sycamore plantations have been 
seriously affected in the southeastern USA, from Virginia and North Carolina to 
Arkansas and Louisiana (McCracken & Burkhardt 1977), and the disease continues 
to be a major management problem in these areas. In the 1980s, an outbreak of the 
disease was reported among Platanus street trees in Modesto, California (Perry & 
McCain 1988), where most of the planted Platanus trees have been killed. 
Canker stain was first noted outside the USA in the 1940s, in Naples, Italy 
(Panconesi 1999). Since then, the disease has spread throughout the Italian 
peninsula (Panconesi 1999) and into France (Ferrari & Pichenot 1979, 1974, 1976; 
Grosclaude etal. 1991 ; Vigouroux 1986) and Switzerland, where over 10% of the 
London plane trees have been killed by the disease since the early 1980s (Matasci 
& Gessler 1997). The disease is also believed to be in Spain and Armenia 
(Panconesi 1999). Canker stain continues to cause major damage to urban street 
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trees in these countries. It has been suggested that the canker stain pathogen was 
introduced to Italy during WWII, perhaps from crating materials from the eastern 
USA (Cristinzio etal. 1973; Panconesi 1972, 1973). The fungus is self-fertile 
(homothallic) through unidirectional mating type switching (Witthuhn etal. 2000), so 
an introduced strain of the fungus could spread via both asexual and sexual spores 
in an essentially clonal manner. Analysis of the genetic variation of the respective 
pathogen populations could identify genetic bottlenecks and test the hypothesis that 
the fungus was introduced to Europe. 
The goal of this study was to use DNA fingerprinting techniques and 
polymorphic microsatellite markers to compare variability in the nuclear and 
mitochondrial genomes of C. platani populations from Europe, the eastern USA, and 
California. It was hypothesized that the European and Californian populations would 
have little genetic diversity if they were the result of recent introductions, and the 
eastern USA population would have more genetic diversity if that population were 
indigenous. 
Materials and methods 
Fungal isolates 
Sixty-seven C. platani isolates were collected from dead or dying Platanus 
occidentalis, P. orientalis, and P. acerifolia trees in Italy, France, Switzerland, 
California, and the eastern United States (Table 1). The isolates from Europe and 
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California were from individual dead and dying street trees. No current epidemics of 
the disease on street trees in the eastern USA could be identified, but isolates from 
individual trees in commercial plantations were obtained from Virginia, North 
Carolina, and Kentucky. All of the plantations were within the natural range of P. 
occidentalis. 
Nuclear DNA Fingerprinting 
Mycelium was grown in 20 ml_ liquid broth (2% malt extract and 0.2% yeast extract) 
in 125 ml_ flasks at room temperature for two weeks, and DNA was extracted and 
analyzed following the methods of DeScenzo and Harrington (1994). Extracted DNA 
was quantified using a Hoefer DyNAQuant 200 fluorometer (Hoefer Scientific 
Instruments, San Francisco, CA). 
Total genomic DNA was restricted with PSTI and electrophoresed for 1600 
volt hours in 1% agarose gels (19.5 cm X 25.5 cm) (Bio-Rad Certified Molecular 
Biology agarose, Bio-Rad, Hercules, CA), with Hindi! l-restricted Lambda DNA 
standards (Promega, Madison, Wl) on the outer lanes of each gel. Gels were dried, 
hybridized with the oligonucleotide (CAT), labeled with 32P, and washed (DeScenzo 
& Harrington 1994). Hybridized gels were exposed to phosphor screens for 4-6 
days and then visualized by scanning the screens with a Storm Phosphorlmager 
(Molecular Dynamics, Sunnyvale, CA). 
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Quantity One quantitation software (version 4.1.1.003, Bio-Rad, Hercules, 
CA) was used to estimate the molecular weight of each fingerprint band, based on 
comparison with the Lambda Hind III size standards. All DNA restrictions and 
fingerprints were repeated at least once for each isolate. Only bands that were 
consistently visible and unambiguously scored in all replicate gels were analyzed. 
Mitochondrial DNA fingerprinting 
HaeIII cuts GC-rich DNA and allows visualization of AT-rich mitochondrial DNA 
(Wingfield etal. 1996). Twenty-five gg of total genomic DNA was restricted 
overnight at 37°C with Haelll in a total volume of 500 JJ,L (50 |XL 10X buffer, 1 mM 
spermidine, 5 units/gg Haelll, and 5 |jL RNAse). Restricted DNA was precipitated, 
dried, and washed (Wingfield etal. 1996). Washed DNA was resuspended in 37.5 
JIL of 10 mM Tris HCI pH 8.0, and 10 jig of this resuspended DNA was 
electrophoresed as described above. Separated bands of DNA were visualized 
using ethidium bromide and UV light. Analyses were conducted as described 
above. Some bands, such as the 2.28 kb band, were twice as intense in some 
isolates as the corresponding band in other isolates and were scored as either 
double or single bands. 
Microsatellite markers 
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Sixteen PCR-based microsatellite markers (Steimel et al. 2004) were used to 
compare genetic diversity of the three populations. A fluorescently-labeled primer 
and an unlabelled primer flanking each of 16 microsatellite regions of three- or four-
base repeats were used in the PGR amplification reactions as described in Steimel 
et al. (2004). The labeled PGR products were electrophoresed using an ABI Prism 
377 DNA sequencer (Applied Biosystems Inc., Foster City, CA), with verification of 
the size standard and matrix files using ABI GeneScan Analysis Software v3.1.2 
(Steimel etal. 2004). The length of the PGR products was determined using 
Genotyper 2.0 software (Applied Biosystems Inc., Foster City, CA), and each 
product length (rounded to the nearest base pair) was considered a different allele. 
Analysis 
Each fingerprint band was considered a locus with two possible alleles, present or 
absent. Different fragment sizes of microsatellite markers were considered different 
alleles. In all statistical analyses, the dataset was clone-corrected by removing data 
from duplicate isolates from each collection site that were genetically identical. 
Diversity within the three populations was calculated as the number of 
genotypes found using each marker type and using all three marker types together. 
Nei's gene diversity for each marker type and for all marker types together for each 
population was calculated using PopGen 1.32 software (Yeh & Boyle 1997). 
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Four statistics were used to test for similarity and differentiation among the 
populations. Nei's genetic identity (I) was used to measure genetic similarity 
between populations (Nei 1972). Gene flow between pairs of populations (Nm ) was 
estimated based on the average coefficient of gene differentiation (GST) across all 
loci. All three of these values were calculated using PopGen 1.32. Weir and 
Cockerham's theta (0), which is comparable to Wright's FSJ (Weir & Cockerham 
1984), was calculated among pairs of populations using the program Multilocus 
(Mac version 1.21, Department of Biology, Imperial College at Silwood Park, UK). 
To test for random mating within the eastern USA population, the clone-
corrected dataset for this population was divided into seven subpopulations by site, 
and linkage disequilibrium was analyzed using the index of association (lA) statistic 
in Multilocus. We used randomization procedures (1000 replications, without 
replacement) to test the significance of the observed lA value. 
Relationships among isolates were also examined using genetic distance 
matrices and UPGMA (unweighted pair group method with arithmetic mean) trees 
generated using PA UP* (Swofford 2001). 
Results 
Fingerprinting of the nuclear genome of the C. platani isolates using (CAT), resolved 
a total of 30 consistently scorable bands ranging in size from 2.1 to 16.9 kb. Bands 
that were inconsistently scorable between the same isolates on different gels, such 
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as bands at 17 and 17.2 kb in Figure 1, were not scored. Nineteen of the scorable 
bands were polymorphic (Fig. 1), and there were 19 distinct nuclear genotypes 
(unique combinations of bands) delineated by (CAT), (Table 2). Seventeen of the 19 
genotypes were found among the 33 isolates from the eastern USA (Table 3). One 
unique genotype was found in California, and one genotype was found among the 
27 isolates from Europe (Table 2). 
Fingerprinting of the mitochondrial genome using Haelll yielded 27 
consistently scorable bands of 2.0 to 7.1 kb, of which 17 were polymorphic (Fig. 2). 
Bands that were not consistently scorable or varied in relative intensity among gels, 
such as bands visible in Figure 2 at approximately 5.0 and 8.0 kb, were not scored. 
Such bands were likely incompletely digested mtDNA (Wingfield et al. 1996). Some 
bands in Figure 2 (such as at 2.2 kb) were monomorphic among the isolates shown 
but polymorphic for other isolates. A total of 16 different mitochondrial genotypes 
were detected, 14 of which were found among isolates from the eastern USA 
(Tables 2 and 3). As with the nuclear fingerprints, the 27 European isolates shared 
a unique mitochondrial genotype, and the seven Californian isolates also shared a 
unique mitochondrial fingerprint pattern. 
Eight of the microsatellite loci were monomorphic for all isolates tested, while 
eight were polymorphic. Microsatellite markers delimited a large amount of variation 
in the eastern USA population and limited variation in California and Europe (Table 
2). Eleven different genotypes were found among the eastern USA isolates using 
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microsatellite markers. All European isolates had identical alleles at each 
microsatellite locus, except that two isolates (C807 from Aventino, Rome and C1272 
from Legnago, Vicenza) differed from the rest at locus CAG15 (3 bp size difference), 
and one other isolate (C1261 from San Rossore, Pisa) differed at locus GACA6K (5 
bp size difference). Loci GAG 15 and CAA80 were polymorphic among the 
Californian isolates. 
The three marker types showed different levels of gene diversity in the three 
populations, with microsatellite loci showing the most and nuclear fingerprints 
showing the least variation (Table 3, Fig. 3). Combining all three marker types, there 
were 20 genotypes in the eastern USA, three in Europe, and four in California (Table 
3, Fig. 4). The UPGMA analyses showed that the European and Californian isolates 
each formed tight clusters, distinct from each other but nested within the wide 
diversity of the eastern USA population (Fig. 4). 
Nei's genetic identity showed greatest similarity between the eastern USA 
and European populations and considerably less similarity between the Californian 
and European populations (Table 4). Identity values were similar with the two 
fingerprinting methods and slightly lower using microsatellites. The coefficient of 
gene differentiation (GST) estimates the degree to which populations are genetically 
differentiated from each other, relative to the entire population as a whole. The 
value of Gst ranges from zero (populations not differentiated) to one (completely 
differentiated). The GST values found here show that the European and Californian 
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populations are well differentiated from each other but not from the eastern USA 
population (Table 4). The interrelated estimate of gene flow (Nm) indicates the 
degree to which gene flow may have occurred or may be occurring between 
populations; it is calculated based on GST and ranges from zero (no gene flow) to 
infinity (high gene flow). This measure also indicated that there has been little gene 
flow between the European and Californian populations, but there has been more 
gene flow between each of these populations and the eastern USA population. 
Weir and Cockerham's theta is similar to Wright's FST but compensates for 
differences in sample sizes. Values of theta calculated from all marker types 
combined together varied from 0.4409 for the Californian and eastern USA 
population comparison to 0.9816 for the Californian and European population 
comparison (Table 4). Each comparison was significantly different from zero (P< 
0.001 in each case) as determined using 1000 randomizations. 
Linkage disequilibrium analysis of the eastern USA population yielded index 
of association (lA) values of 0.9385 (P< 0.001) for nuclear fingerprints, 0.9671 (P< 
0.001) for microsatellites, and 1.953 (P< 0.001) for both nuclear markers combined. 
In a randomly mating population, there should be no association of alleles at 
unlinked nuclear loci, and lA has an expected value of zero. High linkage equilibrium 
values would be expected for the mitochondrially inherited markers, and the value 
for mitochondrial fingerprints was 2.5434 (P= 0.005). 
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Discussion 
In contrast to the European and Californian populations, the eastern USA 
population of C. platani was very diverse. Each of the 20 total genotypes found 
there was found at only one site. As many as seven genotypes were found at 
individual sites in the eastern USA. Multiple isolates of a single genotype were 
found at some of the sites, probably due to local, clonal spread through conidia or 
sexual spores (ascospores), which are produced primarily through selfing. 
The relatively high level of diversity in the eastern USA population is similar to 
that of other putatively natural populations of homothallic Ceratocystis species 
(Harrington et al. 1998; Roux et al. 2001), suggesting that C. platani is indigenous to 
the eastern USA. The levels of gene diversity found in the eastern USA using 
fingerprints (nuclear H= 0.1683, mitochondrial H= 0.2006) were slightly lower than 
those of a population of C. albofundus in South Africa analyzed using the same 
markers (nuclear H = 0.2137, mitochondrial H= 0.2490) (Roux et al. 2001) but 
slightly higher than those of a population of C. virescens in eastern North America 
(nuclear H= 0.0935, mitochondrial H= 0.0928) (Harrington etal. 1998). All three of 
these Ceratocystis species can produce perithecia and ascospores through selfing 
via unidirectional mating type switching (Harrington & McNew 1997). The index of 
association values found suggest that reproduction via selfing and/or mitotic 
reproduction is common in the eastern USA population of C. platani. 
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It is noteworthy that significant mortality caused by C. platani has been 
reported almost exclusively on trees in environments that are highly modified by 
humans. The scattered nature of individual sycamores in natural forests, limited root 
grafting, and the relative rarity of wounds (infection courts) may account for the low 
levels of disease found in natural stands (Walter 1946). However, the disease does 
occur in natural stands of P. occidentalis in the eastern USA (Walter 1946; 
McCracken & Burkhardt 1977), and Walter (1946) suggested that the fungus was 
native to this region. Platanus occidentalis is native in all the states in eastern North 
America in which canker stain had been reported up until the 1970s. Individual trees 
of P. occidentalismary in susceptibility to C. platani(El Modafar etal. 1995), and it is 
reasonable to suggest that this host-specialized pathogen evolved in North America. 
The high gene diversity and relatively low level of differentiation (as shown by GST 
and theta values) found in the eastern USA population of Ceratocystis platani 
supports the hypothesis that the fungus is indigenous to that region. 
The uniformity of the nuclear and mitochondrial DNA fingerprints of the 
Modesto, California population of C. platani suggests that this population has 
experienced a recent genetic bottleneck. Ceratocystis platani forms three different 
asexual states and can produce fruiting bodies (perithecia) and sexual spores 
(ascospores) through selfing (Harrington & McNew 1997; Witthuhn etal. 2000). 
Thus, if a single genotype had been introduced to Modesto, the fungus could persist 
and spread as an essentially clonal population. The slight variation in microsatellite 
markers in the Californian population may reflect recent mutations after introduction 
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of a single genotype, since highly polymorphic microsatellite markers can undergo 
rapid change (Wostemeyer & Kreibich 2002). 
Aside from the Modesto, California population, reports of C. platani m North 
America are only from the eastern USA. Perry and McCain (1988) speculated that 
the fungus had been present in Modesto since the 1960s. Fortunately, the pathogen 
has not spread to neighboring communities or nearby stands of native California 
sycamore (P. racemosa), a susceptible host, nor to neighboring communities in 
California (Perry & McCain 1988). Because most of the Platanus trees in Modesto 
have died, there are now very few trees to sample for isolates. The seven isolates 
obtained show diversity values similar to those of the European population. 
The genetic uniformity of the European population is also typical of a 
pathogen that has undergone a recent genetic bottleneck (Nei etal. 1975). The 
European and Californian populations are highly differentiated from each other, but 
their genotypes clearly fall within the diversity of the eastern USA population. Gene 
flow estimates suggest that both the European and Californian populations were 
derived independently from the eastern USA population. 
Although the European population was sampled from 21 sites, both from P. 
acerifolia and P. orientalis, the only genetic variation found was in two highly 
polymorphic microsatellite loci, and these new alleles could have arisen through 
mutation from a single introduced genotype. Barnes etal. (2001) reported variation 
between French isolates of C. platani using a microsatellite marker, but we did not 
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find any variation among our European isolates using that same marker 
(unpublished data). Santini and Capretti (2000) found no diversity within the 
European population using RAPD and minisatellite (M13) markers, but they did not 
test those markers on North American isolates of C. platani. 
A large number of shipments of equipment and supplies was transported to 
the Mediterranean area during World War II from the eastern USA, particularly from 
the Philadelphia area, where canker stain was epidemic in the 1930s and 1940s 
(Walter et al. 1952). Dead trees in this area were likely used for crating material, 
and the fungus survives well in wood (Grosclaude etal. 1995) and sporulates 
heavily on cut surfaces. The perithecia and ascospores are well-adapted for insect 
dispersal, and nitidulid beetles (Moller & DeVay 1968) or other insects (Hinds 1972) 
in Europe could have served as vectors. Alternatively, C. platani may be dispersed 
in the insect frass of ambrosia beetles (Iton 1960; Rossetto & Medeiros 1967), which 
may have begun tunneling in infected Platanus wood in the USA. The likelihood of 
transmission and successful establishment of the pathogen by such means is very 
low, but the large volume of such material brought into Europe during WWII may 
have allowed a single genotype of the pathogen to become established. Chief 
among the receiving ports during WWII was the Naples-Caserta area, believed to be 
the initial focus of the current European epidemic (Cristinzio etal. 1973; Panconesi 
1999). 
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Genetic markers such as (CAT)5 and Hae-lll fingerprinting bands and 
microsatellite markers are proving to be powerful tools in tracing the movements by 
humans of forest pathogens (Coetzee etal. 2001 ; Et-touil etal. 1999; Milgroom etal. 
1996). The expansion of international trade will likely result in increased movement 
of pathogens between continents (Harrington & Wingfield 1998), and it is important 
to identify the means of such introductions. The rapidity with which C. platani has 
spread through southern Europe, and the degree of damage it has caused there, 
emphasize the need for increased attention to developing and enforcing 
phytosanitary measures. The recent concern for movement of pests in solid wood 
packing materials is justified by the purported shipment of the Dutch elm disease 
fungus to the eastern USA and elsewhere (Brasier 1990) and now C. platani to Italy. 
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Table 1 Locations, hosts, and genotypes of Ceratocystis platani isolates. 
Country Location Host Genotype Isolate numbers3 
USA Bertie, North Carolina (NC-1) P. occidentalis 
Coastal, North Carolina (NC-2) P. occidentalis 
George, North Carolina (NC-3) P. occidentalis 
Halifax County, North Carolina 
(NC-4) P. occidentalis 
Hickman, Kentucky (KY) P. occidentalis 
I C1329 
II C1330, C1331 
C1332, C1333, C1335-
III C1337 
IV C1334 
V C1338 
VI C1342 
VII C1115, C1117 
VIII C1116 
IX C1340 
X C1316 
XI C1317, C1320-C1324 
XII C1318 
XIII C1319, C1325 
XIV C1326 
XV C1327 
XVI C1328 
XVII C1351 
XVIII C1352 
XIX C1343, C1344 Isle of White, Virginia (VA-1) P. occidentalis 
a Numbers are from the culture collection of T.C. Harrington; numbers in parentheses are those of the 
culture collection of P. Capretti (CF) or M. Wingfield (CMW). 
157 
Table 1 (continued) 
Country Location Host Genotype Isolate numbers3 
Sussex, Virginia (VA-2) P. occidentalis XX C1341 
Modesto, California (CA) Platanus spp. XXI C858 
XXII C859 
XXIII C860, C1830 
Modesto, California (CA) Platanus spp. XXIV C1818-C1820 
Unknown Platanus sp. XXV C867 
Firenze P. acerifolia XXV C1266 (CF 26) 
C811 (CF 12), C1262 (CF 
Brozzi, Firenze P. acerifolia XXV 13) 
Camaiore, Lucca P. acerifolia XXV C808 (CF 2), C1259 (CF 1) 
Versiliana, Lucca P. acerifolia XXV C1275 (CF 44) 
Torre Annunziata, Naples P. acerifolia XXV C1265 (CF 21) 
Padova P. acerifolia XXV C1268 (CF 32) 
C1270 (CF 37), C1271 (CF 
Crosone di Presano, Padova P. acerifolia XXV 38) 
Marina di Pisa, Pisa P. acerifolia XXV C810 (CF 7), C1260 (CF 8) 
S. Rossore, Pisa P. acerifolia XXV C809 (CF 5), C1261 (CF 11) 
XXVI C1276 (CF 4) 
Aventino, Roma P. acerifolia XXVII C807 (CF 15) 
Grillo, Roma P. acerifolia XXV C812 (CF 16) 
Nomentano, Roma P. acerifolia XXV C1264 (CF 17) 
Pantalica, Siracusa P. orientalis XXV C1267 (CF 30) 
Tiziano, Roma P. acerifolia XXV C1277 (CF 18) 
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Table 1 (continued) 
Country Location Host Genotype Isolate numbers3 
Castelfranco Veneto, Treviso P. acerifolia XXV C1274 (CF 41) 
Vicenza P. acerifolia XXV C1273 (CF 20) 
Legnago, Vicenza P. acerifolia XXVII C1272 (CF 39) 
S. Bonifacio, Vicenza P. acerifolia XXV C1269 (CF 34) 
France Unknown Platanus sp. XXV C868 (CMW 2220) 
Switzerland Unknown Platanus sp. XXV C866 (CMW 1895) 
Table 2 Nuclear and mitochondrial fingerprint bands and microsatellite alleles for the 27 genotypes identified in 
populations of C. platani. 
Number 
of Microsatellite locib 
Genotype isolates (CAT)5 Fingerprint3 Hae-\\\ Fingerprint3 CAA9 CAA15 CAA38 CAA80 CAG15 CAT3K CAT1200 GACA650 
I 1 0100100001100111101 01110001111100001 410 288 157 300 359 326 409 259 
II 2 0101100001011011101 01110001011100001 410 288 157 300 333 323 391 300 
III 5 0100100001011011101 01110001011100001 410 288 157 300 333 323 391 300 ai 
CD 
IV 1 0100100001101111101 01110001111100001 410 288 157 300 359 326 409 259 
V 1 0101100001011111101 01110001011100001 410 288 157 300 333 323 391 300 
VI 1 0100100001011111001 01110011011100001 410 288 157 300 333 323 391 300 
VII 2 0000001011111110101 00101000100010001 410 288 157 300 365 326 391 235 
Polymorphic bands are listed smallest to largest; band sizes as in Figures 1 and 2, present = 1, absent = 0 
"Estimated band sizes in bp based on GeneScan analysis. 
328 
235 
300 
300 
300 
300 
300 
235 
256 
Table 2 (continued) 
Number 
of Microsatellite locib 
Genotype isolates (CAT)S Fingerprint3 Hae-\\\ Fingerprint3 CAA9 CAA15 CAA38 CAA80 CAG15 CAT3K CAT 1200 
VIII 1 0100001011101110101 11001100100010001 400 288 157 300 356 323 391 
IX 1 1100100000011011001 01101100100000011 386 317 157 300 365 323 391 
X 1 0000011010111111101 11110000100010001 410 288 157 300 365 323 391 
XI 6 0000110001011011001 01101000100000011 368 288 134 300 359 323 391 
XII 1 0000110001011011001 01110000100010001 368 288 134 300 359 323 391 
XIII 2 0000110001011011101 01101000100000011 368 288 134 300 359 323 391 
XIV 1 0000110001011011001 01101000100010011 368 288 134 300 359 323 391 
XV 1 0000110001011011101 01101000100010011 368 288 134 300 359 323 391 
XVI 1 0000001011111111001 00101000100110001 410 288 157 300 365 326 391 
XVII 1 1100100001011111100 01110000111110001 312 317 157 294 317 326 391 
Table 2 (continued) 
Number 
of Microsatellite locib 
Genotype isolates (CAT)5 Fingerprint3 Hae-lll Fingerprint3 CAA9 CAA15 CAA38 CAA80 GAG 15 CAT3K CAT1200 GACA650 
XVIII 1 0100100011001101100 00101000100011001 270 317 157 268 399 326 
XIX 2 0100100001011111101 01110001011100001 410 288 157 300 333 323 
XX 1 1001110001011111010 11110001011100100 410 317 157 300 337 329 
XXI 1 0000110101001111110 11110001011100001 276 317 134 291 353 329 
XXII 1 0000110101001111110 11110001011100001 276 317 134 291 346 329 
XXIII 2 0000110101001111110 11110001011100001 276 317 134 297 346 329 
XXIV 2 0000110101001111110 11110001011100001 276 317 134 291 343 329 
XXV 24 0110001001011111101 00110000100010001 294 317 157 300 340 326 
XXVI 
XXVII 
1 0110001001011111101 00110000100010001 294 317 157 300 340 326 
2 0110001001011111101 00110000100010001 294 317 157 300 343 326 
391 
391 
391 
391 
391 
391 
391 
394 
394 
394 
276 
300 
300 
295 
295 
295 
295 
290 
285 
290 
Table 3 Genotype diversity of the three C. platani populations from 29 collection sites. 
No. of 
No. of Number of genotypes isolates Nei's gene diversity (H, clone corrected) 
collection No. of nuclear mitochondrial all after clone nuclear mitochondrial all 
Population sites isolates fingerprints fingerprints microsatellites markers correction® fingerprints fingerprints microsatellites markers 
Eastern 
USA 7 33 17 13 11 20 20 0.1683 0.2006 0.2178 0.1911 
Europe 21 27 1 1 3 3 24 0 0 0.0191 0.0042 
California 1 7 1 1 4 4 4 0 0 0.0625 0.0137 
all 29 67 19 15 18 27 48 0.1498 0.1540 0.2591 0.1753 
aClone correction removed isolates that had genotypes identical to other isolates from the same site. 
Table 4 Nei's genetic identity (/), coefficient of gene differentiation (GST), estimate of gene flow {Nm), and Weir and 
Cockerham's theta (8) of comparisons between populations of Ceratocystis platani. 
I GSTa Nmb 9° 
Populations nucd rnitod microd all nuc mito micro all nuc mito micro all nuc mito micro all 
Europe vs. 
California 0.7000 0.7037 0.5879 0.6776 1.000 1.000 0.8289 0.9470 0.000 0.000 0.1032 0.0280 1.000 1.000 0.9349 0.9816 
Eastern USA vs. 
Europe 0.8882 0.9051 0.7278 0.8601 0.38600.3108 0.5074 0.4005 0.79531.10850.4854 0.7485 0.5603 0.4741 0.6757 0.5746 
Eastern USA vs. 
California 0.8370 0.8761 0.6861 0.8197 0.47530.3672 0.4928 0.4468 0.55190.86160.5146 0.6190 0.4584 0.3281 0.5350 0.4409 
All populations - 0.68860.6258 0.6700 0.6625 0.22610.29900.2463 0.2547 0.6425 0.5681 0.6990 0.6382 
a GST ranges from 0 (no differentiation between populations) to 1 (complete differentiation of populations). 
b Nm ranges from 0 (no gene flow) to infinity (complete gene flow) 
c 6 ranges from 0 (no differentiation between populations) to 1 (complete differentiation of populations) 
dnuc = nuclear DNA fingerprints; mito = mitochondrial DNA fingerprints; micro = microsatellite markers 
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Fig. 1. Nuclear fingerprints using the probe (CAT)5 of representative isolates of 
Ceratocystis platani in Italy, California, Virginia, North Carolina, and Kentucky. 
Sizes (in kb) of the scorable polymorphic bands are indicated on the right. 
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Fig. 2. Mitochondrial fingerprints of total genomic DNA restricted with Hae-lll and 
visualized using ethidium bromide staining. The gel shows representative isolates of 
Ceratocystis platani from Italy, California, Virginia, North Carolina, and Kentucky. 
Sizes (in kb) of the scorable polymorphic bands are indicated on the right. 
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(CAT)5 nuclear 
fingerprints 
N(M",1(2ÀC-1(5) 
NC-1 
// NC-1 
/Z/KY,NC-4(3) 
Hae-lll mitochondrial 
fingerprints 
Europe NC-4 
NC-4 
CA(3) Microsatellites 
Europe 
(27) 
NC-2(2) 
0.05 changes 
NC-4(8) KY 
NC-2(2) 
NC-3 
NC-4(8) 
NC-4(2) 
NC-1(2) 
NC-1(2) 
NC-1(9),VA-1(2) NC-4(11) K'S"17» 
NC-2 "=-2 
Pisa 
Europe(24) 
Rome, Vicenza 
Fig. 3. UPGMA dendrograms showing relationships among C. platani isolates using 
nuclear DNA fingerprints, mitochondrial DNA fingerprints, and microsatellites. 
Letters indicate locations where the isolates were collected (California, Kentucky, 
North Carolina, Virginia, or Europe). If more than one isolate from a location had the 
same genotype, then the number of isolates is given within parentheses. 
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XXVII, 
XXV, Europe(24) 
L/XXVI, Pisa IX, NC-3 
VII, NÇ-: 
XVI, NC-4 
VIII, NE-2 
XVIII, KY 
XIV, NC-4 
XV, NC-4 
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0.01 changes v' NC"1 
XXIII, CA(2) 
XXI, CA 
XX, VA-2 
Fig. 4. UPGMA dendrogram showing relations among C. platani isolates combining 
all data types (nuclear DNA fingerprints, mitochondrial DNA fingerprints, and 
microsatellites). Roman numerals indicate genotypes, and letters designate location 
from which isolates were collected. Letters indicate locations where the isolates 
were collected (California, Kentucky, North Carolina, Virginia, or Europe). If more 
than one isolate from a location had the same genotype, then the number of isolates 
is given within parentheses. 
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CHAPTER 6. GENETIC VARIATION OF POPULATIONS OF THE 
CACAO WILT PATHOGEN CERATOCYSTIS CACAOFUNESTA. 
A paper to be submitted to Phytopathology 
Christine J. Baker Engelbrecht1, Thomas C. Harrington1, Acelino C. Alfenas2, 
Carmen Suarez3 
'Dept. of Plant Pathology, Iowa State University, 351 Bessey Hall, Ames, IA 50011 
2Dept. de Fitopatologia, Universidade Federal de Viçosa, Viçosa, MG, Brazil 
3 Estacion Experimental Tropical, Institute Nacional Autonomuode Investigaciones 
Agropecuarias, Pichilingue, Ecuador 
Abstract 
Ceratocystis cacaofunesta (= Ceratocystis fimbriata) causes a lethal wilt 
disease of cacao ( Theobroma cacao) in Latin America. We used polymorphic 
microsatellite markers, (CAT)5 nuclear DNA fingerprints, and Hae III mitochondrial 
DNA fingerprints to compare genetic diversity among isolates of C. cacaofunesta 
collected from populations in Ecuador, Costa Rica, Colombia, Rondonia, Brazil and 
Bahia, Brazil. Microsatellite markers and nuclear DNA fingerprints separated 
Ecuadorian isolates from isolates of the other four populations, and these two major 
groups correspond to genetic lineages based on ITS-rDNA sequences and 
intersterility groupings. Mitochondrial DNA fingerprints demonstrated substantial 
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diversity and split the Ecuadorian isolates into two groups. All marker types showed 
limited variation in the Colombian, Costa Rican, and Bahian populations, as might be 
expected for introduced populations that have gone through recent genetic 
bottlenecks. In contrast, the Rondonian and Ecuadorian populations showed gene 
diversity values similar to natural populations of other Ceratocystis species. The 
Rondonian population was the only sampled population in the native range of T. 
cacao (the Upper Amazon) and may represent the original population of C. 
cacaofunesta. 
Key Words: genetic diversity, fungal population genetics 
Introduction 
Ceratocystis cacaofunesta Engelbrecht and Harrington is a serious pathogen 
of cacao ( Theobroma cacao L), causing wilt-type symptoms and death of infected 
trees. A member of the Latin American clade of the C. fimbriata species complex, C. 
cacaofunesta is host-specialized to cacao (1) and was recently described as a 
separate species (10). This cacao pathogen has been confirmed only in Central and 
South America and is probably indigenous to this region (13, 33). 
Ceratocystis cacaofunesta typically enters cacao plants through fresh 
wounds, such as pruning or pod harvesting wounds (22), and moves through the 
host in the secondary xylem. Ambrosia beetles of the genus Xyieborus often attack 
the wood of infected trees (29), liberating frass that includes infective spores as the 
beetles excavate their galleries (18). This frass may be carried by wind or 
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rainsplash to wounds on other trees (17). Machete blades are another efficient 
means of spread of the disease (22). Fungal-feeding nitidulid beetles are vectors of 
other host-specialized members of the Ceratocystis fimbriata complex (7,16, 23). 
The genus Theobroma is indigenous from southern Mexico to the Amazon 
Basin (25), with many species on each side of the Andes (2). It is thought that the 
rising of the Andes may have facilitated speciation within the genus by separating 
previously widespread Theobroma populations (8). Theobroma cacao is probably 
indigenous to the Upper Amazon region (6) but was domesticated in pre-Columbian 
times in Central America (4). An alternative hypothesis is that cacao is indigenous 
to the region from southern Mexico to Guyana-Amazon (8), but most genetic studies 
point to the Upper Amazon as the center of diversity of this species (12, 19-21, 24, 
26, 36, 38). Host-specialized pathogens sometimes evolve in the same area as the 
plants they infect, and it is possible that C. cacaofunesta also evolved in the Upper 
Amazon. 
Ceratocystis cacaofunesta was first reported on cacao in Ecuador in 1918 
(27). It caused extensive damage in Colombia after 1940, and in Venezuela in 1958 
(35). It also caused severe disease in Trinidad in the late 1950s (32). Reports of 
the disease stretch from Guatemala (30) and Central America to northern South 
America, including Peru (31), Ecuador, Colombia, and Venezuela (35). The 
pathogen was reported in the southwestern Amazon (Rondônia, Brazil) in 1978 (3) 
and more recently in Bahia, Brazil (5), which is out of the native range of T. cacao. 
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Two other serious pathogens of cacao, witches' broom and monilia pod rot, 
also were first recognized in Ecuador and/or the Upper Amazon and then spread to 
other cacao-growing regions (35). Ceratocystis cacaofunesta may be another 
example of a cacao pathogen that has been spread throughout Latin America on 
propagative material from an Ecuadorian or Upper Amazonian origin. Comparing 
genetic diversity of populations of the fungus may help to distinguish introduced from 
indigenous populations. The objective of this study was to examine genetic diversity 
of populations of C. cacaofunesta from Ecuador, Costa Rica, Colombia, and Brazil, 
using polymorphic microsatellite markers and nuclear and mitochondrial DNA 
fingerprints, in order to identify indigenous populations and introduced populations. 
Materials and Methods 
Fungal isolates. Isolates of C. cacaofunesta were collected from dead or 
dying Theobroma cacao trees. Two isolates were collected from Herrania spp., 
which are closely related to Theobroma. All isolates are listed in Table 1 and are 
held in the culture collection of the second author. 
Mycelium was grown in 20 mL liquid broth (2% malt extract and 0.2% yeast 
extract) in 125 mL flasks at room temperature for two weeks, and the DNA was 
extracted and analyzed following the methods of DeScenzo and Harrington (9). 
Microsatellite markers. Sixteen PCR-based microsatellite markers (33) 
were used. A fluorescently-labeled primer and an unlabelled primer flanking each of 
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16 microsatellite regions of three- or four-base pair repeats were used in the PGR 
amplification reactions as described in Steimel et al (33). PGR products were 
analyzed using an ABI Prism 377 DNA sequencer (Applied Biosystems Inc., Foster 
City, CA), with determination of the band size using standards and ABI GeneScan 
Analysis Software v3.1.2 and Genotyper 2.0 software (Applied Biosystems Inc., 
Foster City, CA). Each product length (within 1 bp) was considered a different allele. 
Nuclear DNA Fingerprinting. To examine variability in nuclear DNA, total 
genomic DNA was restricted with Pst I and electrophoresed on 1% agarose gels 
(19.5 cm X 25.5 cm) (Bio-Rad Certified Molecular Biology agarose, Bio-Rad, 
Hercules, CA) for 1600 volt hours, with H/nc/lll-restricted Lambda DNA standards 
(Promega, Madison, Wl) on the outer lanes of each gel. Gels were dried, hybridized 
with the oligonucleotide (CAT)5 labeled with 32P, and washed following the methods 
of DeScenzo and Harrington (9). Labeled bands were visualized by exposing the 
gels to a phosphor screen for 4-6 days and then scanning the screens with a Storm 
Phosphorlmager (Molecular Dynamics, Sunnyvale, CA). Several representative 
isolates were extracted and fingerprinted two or more times for comparison. 
Quantity One quantitation software (Bio-Rad, Hercules, CA) was used to 
estimate the molecular weight of each fingerprint band based on comparison with 
the Lambda Hind III size standards. The DNA restrictions and fingerprinting were 
repeated at least once for representative isolates. Only bands that were consistently 
visible and unambiguously scored in all replicate gels were analyzed. 
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Mitochondrial DNA fingerprinting. HaeIII cuts GC-rich DNA and allows 
visualization of the AT-rich mitochondrial DNA (39). Twenty-five (ig of extracted total 
genomic DNA was restricted overnight at 37°C with Haelll in a total volume of 500 
|iL (50 |o,L 10X buffer, 1 mM spermidine, 10 units/pi Haelll, and 5 \iL RNAse). 
Restricted DNA was precipitated, dried, and washed as in Wingfield et al (39). 
Washed DNA was resuspended in 37.5 JJL of 0.10 mM Tris HCI pH 8.0, and 10 (xg of 
this resuspended DNA was elecrophoresed on a 1% agarose gel for 1600 volt 
hours, with H/ndlll-restricted Lambda DNA (Promega, Madison, Wl) on the outer 
lanes. Separated bands of DNA were visualized using ethidium bromide and UV 
light. Several representative isolates were extracted and fingerprinted two or more 
times for comparison. Analyses were conducted as described above. 
Analysis. Different fragment sizes of microsatellite markers were considered 
different alleles. Each fingerprint band was considered a locus with two possible 
alleles, present or absent. For most statistical analyses, the dataset was corrected 
for clonal reproduction by removing duplicate isolates from each collection site that 
were genetically identical. In analyses concerning the Amazonian population (all 
populations except C940 and the Ecuadorian isolates combined), the dataset was 
clone-corrected by removing duplicate isolates that were genetically identical within 
a population rather than within a site. 
Genotypic diversity within the five populations was calculated as the number 
of genotypes found using each marker type individually and using all three marker 
types together. Nei's gene diversity for each marker type and for all marker types 
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together for each population was calculated with clone-corrected data using PopGen 
1.32 software (source of software, 40). 
Weir and Cockerham's theta (6), which is comparable to Wright's FST (37), 
was calculated among pairs of populations using the program Multilocus (Mac 
version 1.21, Department of Biology, Imperial College at Silwood Park, UK). Gene 
flow between pairs of populations (Nm ) was estimated based on the average 
coefficient of gene differentiation (GST) across all loci using PopGen 1.32. For both 
of these measures, values obtained from microsatellite markers and nuclear DNA 
fingerprints were nearly identical and were averaged to obtain an overall nuclear 
DNA value. 
To test for random mating within the Ecuadorian, Bahian, and Amazonian (all 
populations except Ecuador combined) populations, linkage disequilibrium was 
analyzed using the index of association (/„) statistic in Multilocus. We used 
randomization procedures (1000 replications, without replacement) to test the 
significance of the observed lA value. 
Relationships among isolates were also examined using genetic distance 
matrices and UPGMA (unweighted pair group method with arithmetic mean) trees 
generated using PAUP* (34). Nei's genetic distance between populations and 
UPGMA dendrograms comparing populations were calculated using PopGen 1.32. 
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Results 
All 16 microsatellite markers were polymorphic for the isolates tested. Each 
locus had between 2 and 10 different alleles, and together they resolved 19 
microsatellite genotypes among the 77 isolates tested from the five populations. No 
microsatellite genotype was found in more than one population. 
Nuclear (CAT)5 fingerprinting resolved 34 consistently scorable bands. Thirty-
one of these bands were polymorphic, and bands at 6.5, 7.3, and 11.2 kb were 
present in all isolates. Other bands that could not be consistently scored between 
gel runs of the same isolates were excluded from the analysis. Figure 1 shows 
representative isolates from the five populations, showing some of the range of 
nuclear fingerprint diversity found. Fourteen different fingerprint patterns were 
found, and isolates from Colombia had the same fingerprint pattern as 15 of the 17 
isolates from Costa Rica. 
Haelll mitochondrial DNA fingerprints yielded 30 consistently scorable bands. 
Bands at 2.3, 2.4, 2.5, and 4.0 kb were monomorphic, while the remaining 26 bands 
were polymorphic among the isolates tested. A total of 19 mitochondrial fingerprint 
patterns were found. None were shared between populations. Bands were not as 
clear as with the (CAT)5 fingerprinting, so it is possible that some co-migrating bands 
scored as identical in different populations actually resulted from homoplasy. 
All three combined marker types resolved 33 total genotypes among the 77 
isolates tested. None of the multilocus genotypes was shared among populations. 
Genotype data and Nei's gene diversity from clone-corrected data are shown in 
176 
Table 2. The populations from Ecuador and Rondônia had the highest gene 
diversity values, while those from Costa Rica, Colombia, and Bahia had low diversity 
values. The Amazonian population (all isolates except those from Ecuador and 
isolate C940) had a high gene diversity value. 
Weir and Cockerham's Theta (6) was used to estimate the degree of 
differentiation between populations, using combined nuclear DNA markers (Table 3) 
from the clone-corrected dataset. Theta varies from zero (no differentiation among 
populations) to one (populations completely differentiated). Based on nuclear DNA 
markers, the Costa Rican and Colombian populations were the most similar (0 = 
0.0702), while the Bahian and Ecuadorian populations were the most differentiated 
{6 = 0.9408). Other than the comparison between Costa Rican and Colombian 
populations, all évalues were above 0.7, indicating a fair amount of differentiation 
among the populations. 
The estimate of gene flow (A/m) was also used to make pairwise comparisons 
of populations with the two nuclear markers together, using the clone-corrected 
dataset (Table 4). The value of Nm ranges from zero (no gene flow) to infinity 
(complete gene flow between populations). Analysis of nuclear DNA markers 
revealed that the Costa Rican and Colombian populations had the highest amount of 
probable gene flow (Nm = 4.9581), while the Costa Rican and Bahian population 
comparison had the least {Nm = 0.0728). Most other values of Nm were also 
relatively low, not exceeding 0.34. 
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UPGMA trees constructed using microsatellite and (CAT)5 fingerprint data 
separated the isolates into two distinct groups, one containing all Ecuadorian 
isolates and the other containing isolates from Costa Rica, Brazil, and Colombia 
(Figure 3). All Bahian isolates grouped together, and the Colombian and Costa 
Rican isolates grouped together, while the three Rondônian isolates were divergent. 
A UPGMA tree constructed from Haelll mitochondrial DNA fingerprints showed the 
same trends with the Bahian, Costa Rican, Colombian, and Rondônian isolates, but 
the Ecuadorian isolates split into two groups (Figure 4). UPGMA trees constructed 
using populations instead of isolates showed similar trends (Figure 5). In each 
analysis, isolate C940 from Costa Rica grouped with isolates from Ecuador. 
Because this isolate is genetically similar to the Ecuadorian isolates in phylogenetic 
analyses (1) and intersterility studies (10), it was not included in most population 
genetic analyses. 
The index of association {lA) was used to test for random mating in the 
Ecuadorian, Bahian, and Amazonian (non-Ecuadorian) clone-corrected populations. 
The value of lA is expected to be zero in a randomly mating population, and 1000 
randomized replicates were performed to assess whether the value obtained was 
significantly different from zero. Nuclear markers in the Ecuadorian population 
showed index of association values consistent with an outcrossing population (lA = -
0.08333, P = 0.595 for microsatellites, and lA = 0.3741, P = 0.168 for nuclear DNA 
fingerprints). As expected for maternally inherited markers, the mitochondrial DNA 
fingerprint bands were inherited clonally in the Ecuadorian population (lA = 1.1750, P 
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= 0.005). Analysis of the group of populations other than the Ecuadorian population 
showed evidence of clonal reproduction (microsatellite lA = 2.1337, P< 0.001; 
nuclear DNA fingerprint lA = 7.6492, P< 0.001 ; mitochondrial DNA fingerprint lA = 
1.0806, P< 0.001). The Bahian population showed evidence of clonal reproduction 
using microsatellites (/„ = 0.6372, P= 0.04) and mitochondrial DNA fingerprints (/„ = 
1.7550, P < 0.001). Analysis of nuclear DNA fingerprints of the Bahian population 
showed no evidence of clonal reproduction {lA = -0.1111, P= 1.000), but this may be 
due to the small number of polymorphic loci (three) in the Bahian population. 
Discussion 
Despite small sample sizes, the gene diversity values for the Rondonian and 
Ecuadorian populations of C. cacaofunesta are similar to those of indigenous 
populations of other Ceratocystis species analyzed using the same markers. The 
diversity values found in Rondônia (H = 0.1979 for microsatellites, H = 0.1498 for 
nuclear DNA fingerprints, H= 0.2146 for mitochondrial DNA fingerprints) and 
E c u a d o r  ( H =  0 . 1 0 2 0  f o r  m i c r o s a t e l l i t e s ,  H  =  0 . 0 8 4 0  f o r  n u c l e a r  D N A  f i n g e r p r i n t s ,  H  
= 0.1548 for mitochondrial DNA fingerprints) are similar to those found in a native 
p o p u l a t i o n  o f  C .  p l a t a n i  f r o m  t h e  e a s t e r n  U S A  ( H =  0 . 2 1 7 8  f o r  m i c r o s a t e l l i t e s ,  H  =  
0.1683 for nuclear DNA fingerprints, H = 0.2006 for mitochondrial DNA fingerprints) 
(10). They are also comparable to values obtained from a native population of C. 
albofundus in South Africa (H = 0.2137 for nuclear DNA fingerprints, H= 0.2490 for 
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mitochondrial DNA fingerprints) (28) and those of a native population of C. virescens 
in eastern North America (H= 0.0935 for nuclear DNA fingerprints, H= 0.0928 for 
mitochondrial DNA fingerprints) (15). All of these Ceratocystis species can produce 
perithecia and ascospores through selfing via unidirectional mating type switching 
(14). 
Gene diversity values of two introduced populations of C. platani in Modesto, 
California (H = 0.0625 for microsatellites, H= 0 for nuclear and mitochondrial DNA 
fingerprints) and southern Europe (H= 0.0191 for microsatellites, H= 0 for nuclear 
and mitochondrial DNA fingerprints) (10) were similar to those found in the C. 
cacaofunesta populations in Costa Rica (H= 0.0386 for microsatellites, H= 0.0174 
for nuclear DNA fingerprints, H= 0.1345 for mitochondrial DNA fingerprints), 
C o l o m b i a  ( H =  0 . 0 9 3 8  f o r  m i c r o s a t e l l i t e s ,  H =  0 . 0 0 0 0  f o r  n u c l e a r  D N A  f i n g e r p r i n t s ,  H  
= 0.0172 for mitochondrial DNA fingerprints), and Bahia, Brazil (H= 0.0308 for 
microsatellites, H= 0.0088 for nuclear DNA fingerprints, H= 0.0917 for 
mitochondrial DNA fingerprints), suggesting that these three populations on cacao 
are the result of introductions. The Costa Rican and Colombian isolates share 
nuclear DNA fingerprints, group closely together in UPGMA analyses using all the 
markers, and are likely part of one interbreeding population based on analyses of 
nuclear markers. Except for Costa Rica and Colombia, the populations of C. 
cacaofunesta are quite highly differentiated from each other as shown by the theta 
values based on nuclear markers. This further supports the conclusion that the 
Costa Rican and Colombian isolates are from the same original population. 
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The Bahian and Costa Rican populations are likely introduced as both 
locations are beyond the native range of cacao. Infested cuttings of T. cacao appear 
to be the means of introduction of C. cacaofunesta. The disease has been known in 
Bahia only since 1997 (5), when the fungus was recognized in grafted cuttings in an 
experiment station. The low level of gene flow between Bahia and the Costa 
Rican/Colombian populations suggests that the Bahian population was the result of 
a separate, independent introduction of a limited number of genotypes. 
The Rondonian population had gene diversity values similar to native 
populations of selfing Ceratocystis species, and the C. cacaofunesta isolates were 
collected from within the native range of cacao. It is possible that these isolates 
represent the indigenous population of C. cacaofunesta. The populations in Costa 
Rica, Colombia, and Bahia were more similar to the population in Rondônia than to 
the population in Ecuador, so it is likely that Rondônia or elsewhere in the Upper 
Amazon is the source of the introduced populations. Unfortunately, we were only 
able to collect three isolates of C. cacaofunesta from the Upper Amazon, two from 
an experimental plantation in Ouro Preto do Oeste, and another from a small farm 
less that 50 km west of there, near the Bolivian border. We suspect that most of the 
susceptible cultivars of T. cacao planted in this region have died, and the disease 
appears to be rare in the surviving cultivars. The initial plantings of Theobahia 
genotypes in Ouro Preto do Oeste died quickly. The Theobahia genotypes proved 
to be highly susceptible to Ceratocystis wilt in Bahia after introduction of C. 
cacaofunesta in 1997. 
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The division between the Ecuadorian population and the Costa Rican, 
Brazilian, and Colombian populations is consistent with phylogenetic analyses (1). 
Isolates from Ecuador are also intersterile with Costa Rican, Colombian, and 
Brazilian isolates of C. cacaofunesta (10). Like the Rondonian population, the 
Ecuadorian isolates had gene diversity values similar to an indigenous population, 
even though they were collected beyond the current native range of cacao. It is 
possible that they represent an indigenous population of the pathogen that is 
pathogenic to another member of the genus Theobroma, or another member of the 
family Sterculiaceae, that is native to Ecuador west of the Andes. All our Ecuadorian 
isolates were collected from an experimental station in western Ecuador that has 
received many introductions of cacao germplasm, some as cuttings. Thus, it is also 
possible that the cacao isolates from Ecuador represent an introduced population 
not native to Ecuador but to elsewhere within the native range of cacao that we have 
not sampled, perhaps Venezuela. Isolate C940, obtained from a culture collection, 
was reportedly collected in Costa Rica but consistently groups with the Ecuadorian 
population (1,10). It may represent an introduction of the Ecuadorian sublineage of 
C. cacaofunesta to Costa Rica. 
Genetic markers such as DNA fingerprints and microsatellite markers can 
help to distinguish indigenous populations from introduced ones, as we have done 
with C. platani populations in the eastern USA and Europe (11). Our data support 
the hypotheses that the Costa Rican, Colombian, and Bahian populations of C. 
cacaofunesta resulted from introductions, while the Rondonian and Ecuadorian 
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populations appear to be indigenous. The Upper Amazon is the hypothesized 
center of diversity of the cacao pathogen, while the Ecuadorian center of diversity 
appears to be outside the native range of T. cacao. 
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Table 1. Origin and genotypes of isolates of Ceratocystis cacaofunesta used for 
genetic analysis. 
Population Location collected Isolate numbers Genotype 
Ecuador Pichilingue, Ecuador 
Ecuador (unknown location) 
Rond nia, Brazil Rond nia, Brazil (site 1) 
Rond nia, Brazil (site 2) 
Costa Rica La Lola, Matine, Costa Rica 
La Lola, Matine, Costa Rica 
Bri Bri, Costa Rica 
C1691 I 
C1690 II 
C1833 (=CBS III 
115169), C1834 
C1835 IV 
C1695 (=CBS V 
115163) 
C1751, C1756 VI 
C1004 (=CBS VII 
153.62) 
C1983 (=CBS VIII 
115172), C1984 
C2031 IX 
C1548 (=CBS X 
114722) 
C1547 XI 
C1639 XII 
a C1749 was collected from soil under a diseased cacao tree. 
bC1642 and C1778 were collected from Herrania spp. 
188 
Table 1 (continued) 
Population Location collected Isolate numbers Genotype 
Costa Rica Cahuita, Costa Rica C1640 XIII 
Turrialba, Costa Rica C1778b, C1779 XIV 
C1776 XV 
C1549, C1775 XVI 
C1550, C1634, XVII 
C1635, C1636, 
C1638, C1642b, 
C1777 
C1637 XVIII 
Costa Rica (unknown location) C940 (=CBS XIX 
152.62) 
Colombia Palestina, Caldas, Colombia C1935 XX 
C1947 XXI 
C1937 XXII 
C1936 XXIII 
Bahia, Brazil Novo Oriente, Bahia, Brazil C1595 XXIV 
C1593 XXV 
C1594, C1596 XXVI 
Uru uca, Bahia, Brazil, site 1 C1719, C1720, XXVI 
C1723 
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Table 1 (continued) 
Population Location collected Isolate numbers Genotype 
Bahia, Brazil C1718 XXVII 
C1722 XXVIII 
C1721 XXIX 
Uru uca , Bahia, Brazil, site 2 C1728, C1729 XXVI 
Uru uca , Bahia, Brazil, site 3 C1733-C1735, XXVI 
C1737 
C1736 XXX 
Camac n, Bahia, Brazil, site 1 C1585, C1586 XXVI 
C1587 XXXI 
Camac n, Bahia, Brazil, site 2 C1725-C1727 XXVI 
C1724 XXXII 
Camac n, Bahia, Brazil, site 3 C1730-C1732 XXVI 
Itabuna, Bahia, Brazil, site 1 C1599, C1601 XXVI 
Itabuna, Bahia, Brazil, site 2 C1597, C1600 XXIIII 
Itabuna, Bahia, Brazil, site 3 C1598 XXXIV 
Ubaitaba, Bahia, Brazil C1738-C17498 XXVI 
Table 2. Microsatellite alleles and nuclear and mitochondrial DNA fingerprint bands for the 33 genotypes identified in 
populations of Ceratocystis cacaofunesta. 
Number 
of 
Genotype isolates Microsatellite alleles3 Nuclear DNA bandsb Mitochondrial DNA bands'3 
I 1 ACDBDABAAAAADDAA 0000010100110101101001100010110 1101010101100010010010010 
II 1 ABABDABAEAAADDAA 0000010100101000101001100010110 0010010100100001010010010 
III 2 ABGBDABAAAAADDAA 0000010100110000101001100110110 0010010100000011010010011 
IV 1 ABABDABAAAAADDAA 0000010100110000101001100110110 0010010101000010010010010 
V 1 ACDBDABAAAAADDAA 0100010100100000101001100010110 0010010000100010000010010 
VI 2 ABABDABAEAAADDAA 0100010100100000101001100010110 0010010100100001010010010 
aMicrosatellite alleles (different letters) for 16 microsatellite loci AAG8, AAG9, CAA9, CAA10, CAA15, CAA38, 
CAA80, CAG5, CAG15, CAG900, CAT 1, CAT3k, CAT9X, CAT1200, GACA650, GACA60, in increasing size of 
amplified product. 
b Polymorphic bands are listed smallest to largest, present = 1, absent = 0. 
Table 2 (continued) 
Number 
of 
Genotype isolates Microsatellite alleles3 Nuclear DNA bandsb Mitochondrial DNA bands" 
VII 1 ABABDABAAAAADCAA 0000010100110000000001100111110 1101010111000010010010010 
VIII 2 BABACECBBBBBAABA 0000101000001000001010010001100 0010110110101000000101000 
IX 1 CAJBCECBBBBBAACB 1001001000001010001000001001101 1011010111010011001010010 
X 1 BAEACCCBCBCBCAAA 1010011001111010000100100101110 0111110100011010010011100 
XI 1 BAEACCCBCBCBCAAA 1010011000011010000100100101010 0011110100011011000001000 
XII 1 BAFACCCBCBCBCAAA 1010011000011010000100100101110 0110010100011100100000000 
XIII 1 BAIACCCBCBCBCAAA 1010011000011010000100100101110 0011110100011011000001000 
XIV 2 BAEACCCBCBCBCAAA 1010011000011010000100100101110 0110010100011010100001100 
XV 1 BAEACCCBCBCBCAAA 1010011000011010000100100101110 0110110100011010010011100 
XVI 2 BAFACCCBCBCBCAAA 1010011000011010000100100101110 0110110100011010010011100 
XVII 7 BAEACCCBCBCBCAAA 1010011000011010000100100101110 0111110100011010010011100 
Table 2 (continued) 
Number 
of 
Genotype isolates Microsatellite alleles3 Nuclear DNA bands6 Mitochondrial DNA bands6 
XVÏÏÏ i BAGACCCBCBCBCAAA 1010011000011010000100100101110 0111110100011010010011100 
XIX 1 BBCBDABAFAAADCAA 0000010100101000000001000110110 1101010101000010010010011 
XX 1 BAFACCCBCBCBCAAA 1010011000011010000100100101110 0110010100011011000001000 
XXI 1 BAGACCCBCBDBCAAA 1010011000011010000100100101110 0110010100011011000001000 
XXII 1 BAFACCABCBCBCAAA 1010011000011010000100100101110 0110010100011011001001000 
XXIII 1 BAHACCCBCBDBCAAA 1010011000011010000100100101110 0110010100011011001001000 
XXIV 1 BACACCCBCBBCBABA 1001001001001000011000010101101 0110110100110010010000001 
XXV 1 BACACCCBCBBCBABA 1001001001001000011000010101101 0110101100110011010010000 
XXVI 33 BACACCCBCBBCBABA 1001001001001000011000010101101 0110110100110011010010000 
XXVII 1 BACACCCBCBBCBABA 1001001001001000011000010101101 0110110100110111010010000 
XXVIII 1 BACACCCBCBBCBABA 1001001001001000011000010101101 0110010100111011011010100 
Table 2 (continued) 
Number 
of 
Genotype isolates Microsatellite alleles3 Nuclear DNA bands6 Mitochondrial DNA bands6 
XXIX Ï BACABCCBDBBCBABA 1001001001001000011000010101101 0110010100111011001010010 
XXX 1 BACACCCBCBBCBABA 1001001000001000011000010101101 0110110100110011010010000 
XXXI 1 BACACCCBCBBCBABA 1001001001001000011010010101101 0110110100011010011000010 
XXXII 1 BACAACDBCBBCBABA 1000001001001000011000010101101 0110010100111011001000010 
XXXIII 2 BACACCCBCBBCBABA 1001001001001000011000010101101 0110010100111011010010000 
XXXIV 1 BACACBCBCBBCBABA 1001001001001000011000010101101 0110010100111011010010000 
Table 3. Number of genotypes identified and Nei's gene diversity { H )  of clone-corrected populations of Ceratocystis 
cacaofunesta. 
No. of genotypes Isolates Nei's gene diversity (H) 
Population 
No. of 
No. of collection 
isolates sites Microsatellites (CAT); Haelll 
All 
markers 
after 
clone 
correctiona Microsatellites (CAT), Hae III 
All 
markers 
Ecuador 9 2 5 5 6 7 7 0.1020 0.0840 0.1548 0.1137 
Rondônia 3 2 3 2 3 3 3 0.1979 0.1498 0.2146 0.1639 
Colombia 4 1 4 1 2 4 4 0.0938 0.0000 0.0172 0.0253 
Costa Rica 17 4 4 3 5 9 9 0.0386 0.0174 0.1345 0.0647 
Bahia 44 9 4 4 8 11 19 0.0308 0.0088 0.0917 0.0437 
all non-
Ecuadorian 
populations 68 16 15 9 19 27 27 0.2440 0.2148 0.2146 0.2207 
all populations 77 18 18 14 25 34 42 0.4129 0.2787 0.2239 0.2928 
aData were clone-corrected by removing duplicate isolates within a site that had the identical genotype. 
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Table 4. Estimate of differentiation (theta, 6 ) ,  above diagonal, and estimate of gene 
flow (Nm), below diagonal, between populations of C. cacaofunesta using nuclear 
DNA fingerprints and microsatellites markers combined. 
Ecuador Colombia Costa Rica Rondônia Bahia 
Ecuador 0.8532 0.8916 0.7830 0.9405 
Colombia 0.1200 0.0702 0.7098 0.9182 
Costa Rica 0.1134 4.9581 0.8236 0.9289 
Rondônia 0.2210 0.2996 0.2666 0.8530 
Bahia 0.0852 0.1165 0.0766 0.3585 
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Fig. 1. Representative (CAT)5 nuclear DNA fingerprints of Ceratocystis 
cacaofunesta isolates from populations in Ecuador, Costa Rica, Colombia, and 
Brazil (Rondônia and Bahia). Arrowheads indicate polymorphic bands. Sizes (kb) 
of standards in bp are given on the right. 
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Fig. 2. Representative Hae III mitochondrial DNA fingerprints of Ceratocystis 
cacaofunesta isolates from populations in Ecuador, Costa Rica, Colombia, and 
Brazil (Rondônia and Bahia). Arrowheads indicate polymorphic bands. Sizes (kb) 
of standards in bp are given on the right. 
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Microsatellites Nuclear DNA 
fingerprints 
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Fig. 3. Dendrograms generated by UPGMA (unweighted pair group method, 
arithmetic mean) based on Nei's genetic distance among Ceratocystis cacaofunesta 
isolates from populations in Ecuador, Costa Rica, Colombia, and Brazil (Rondônia 
and Bahia), generated from nuclear data. 
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Fig. 4. Dendrogram generated by UPGMA (unweighted pair group method, 
arithmetic mean) based on Nei's genetic distance among Ceratocystis cacaofunesta 
isolates from populations in Ecuador, Costa Rica, Colombia, and Brazil (Rondônia 
and Bahia), generated from mitochondrial data. 
200 
Microsatellites 
(M 
Nuclear DNA 
fingerprints 
o.t 
Mitochondrial DNA 
fingerprints 
r Colombia 
L Costa Rica 
- Bahia 
.Rondônia 
• Ecuador 
• Bahia 
• Rondônia 
Colombia 
Costa Rica 
Ecuador 
-Bahia 
.Ecuador 
- Colombia 
- Costa Rica 
- Rondônia 
0.1 
Fig. 5. Dendrograms generated by UPGMA (unweighted pair group method, 
arithmetic mean) based on Nei's genetic distance among five populations of 
Ceratocystis cacaofunesta found using microsatellites, nuclear fingerprints, and 
mitochondrial fingerprint markers. Scale bars show genetic distance. 
201 
CHAPTER 7. CONCLUSIONS 
The results of this study support the concept that species are the smallest 
aggregation of populations or lineages that are phenotypically distinct from other 
lineages (Harrington and Rizzo 1999). Isolates of Ceratocystis fimbriata from sweet 
potato, sycamore, and cacao formed distinct, monophyletic lineages, were strongly 
host-specialized, and were intersterile with each other. There were only minor 
morphological differences among these lineages. The lineage on cacao was 
described as a new species, C. cacaofunesta, and the lineage on sycamore was 
raised from a form to a species, C. platani. There are undoubtedly numerous other 
cryptic species within the C. fimbriata complex. 
This study also indicates that host-specialized populations of Ceratocystis 
species may have limited natural geographic ranges. Members of the genus 
Ceratocystis are adapted for insect dispersal, but such dispersal is likely not very 
efficient, especially for long distances. Host-specialized forms and species in the C. 
fimbriata complex are present outside their native range through their movement by 
humans. Ceratocystis platani was probably moved to Europe from the eastern USA 
on infected wood used as packing material, and C. cacaofunesta was probably 
moved from the Upper Amazon to other regions of Latin America in propagative 
material of cacao, such as cuttings. Ceratocystis fimbriata on sweet potato has very 
limited genetic diversity throughout its entire range (Steimel et al. 2004), perhaps as 
a result of only a few genotypes being moved worldwide on infected storage roots. 
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The existence of closely-related species that are strongly host-specialized 
may indicate that host specialization is a key force driving speciation within this 
complex. Host specialization also appears to be a major force causing speciation in 
other Ceratocystis species (Harrington et al 1998, Harrington et al 2002, Witthuhn et 
al 2000). Adaptation to a novel host and consequent selective pressures to maintain 
the new niche may facilitate rapid speciation, either sympatric or allopatric. 
The genetic analyses of progeny from hybridizations between these three 
species suggest that the species may have different numbers or sizes of 
chromosomes. Chromosomal incompatibility brought about by genetic drift may be 
the main factor determining the intersterility between these species. 
Future studies could examine the karyotypes of these three closely-related 
species to determine if chromosomal incompatibility leads to intersterility and to 
determine the location of genes related to pathogenicity and host specificity. 
Population genetics of other host-specialized forms within the C. fimbriata complex 
could be used to track introductions and deduce indigenous populations. 
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